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PREFACE 


Microelectronics as a logical extension of electronics is distinguished 
for organic unity of its physical, technological, and circuitry aspects. 
For this reason, it is hardly possible to expect creative development 
of integrated circuits relying, for example, only on the effort of 
“classical” engineers concerned with designing individual semicon- 
ductor devices but not having the background in microcircuitry. 
Also, the effort of “classical” circuit design engineers alone is not 
enough for further advancement. An engineer engaged in micro- 
electronics must equally well know the basics of microelectronic 
physics, technology, and microcircuitry. Only with this background 
can he specialize in any branch of microelectronics. 

For the last ten years a few excellent textbooks have been issued 
for students specializing in microelectronics. Unfortunately, they 
deal either with physical aspects or only physical-technological and 
design aspects and cover but to a much lesser extent the elements 
of integrated circuits and hardly touch on circuit engineering. 

This textbook is an attempt to characterize more or less fully all 
the constituent parts of microelectronics. Particular attention is 
given to the aspects which have not been treated in detail in other 
books on the subject. These are transistor physics, transistor micro- 
circuitry, and integrated circuitry in general. The limited space 
of the book did not allow for the equally detailed description of the 
design, manufacturing, metric, and some other problems. But this 
does not seem to be a severe limitation since the reader can obtain 
additional information from the available books. 

So, the intention was to organize the book on the basis of a system 
approach: to interconnect the sections so that they all in combination 
form the foundation for further specialization of students. As for 
engineers who have different backgrounds, but must acquire a thor- 
ough knowledge of microelectronics, they should focus on sections 
dealing with physics, technology, and circuitry. 

Being guided by the system approach, the author has included into 
the text all the necessary sections of microelectronics, irrespective 
of the fact that some of them are the subjects of special courses, such 
as “Semiconductor physics”, “Semiconductor devices”, “Pulse cir- 
cuits”, “Amplifiers”, and others. Such a viewpoint is shared by many 
authors. But it would be hardly justifiable to include the infor- 
mation just mechanically even in a highly contracted form. The 
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material was not only thoroughly selected, but revised in accordance 
with the concrete problems of microelectronics and with due regard 
for internal interconnection of the sections. 

For example, Ch. 2 does not include such important aspects as 
elements of quantum-mechanical theory of solids, the Gunn effect, 
Josephson effect, size effects in thin films, and others. Among many 
types of transistors, Ch. 4 and Ch. 5 consider only low-power tran- 
sistors which form the basis of modern integrated circuits. The 
number of transistor circuits dealt with in the book is sharply cut 
down to place primary emphasis on the concrete configurations 
employed in microelectronics. The traditional sequence in which 
two basic classes of circuits are described is changed: Ch. 8 deals 
with pulse circuits and Ch. 9 with amplifying circuits. 

The choice of the right material and the development of the tech- 
nique for its comprehensive presentation in Ch. 10 posed an equally 
complex task. To avoid unjustifiable intricacies, it was found neces- 
sary to disregard in many cases schematic diagrams and focus on 
block diagrams. Such an approach is in agreement with the tech- 
niques of designing modern LSI circuits. 

The author hopes that the course “Fundamentals of microelectro- 
nics” built in accordance with the structure of this book will become 
as traditional as the courses “Semiconductor devices” or “Basic theory 
of electrical engineering”. This would undoubtedly aid both in more 
adequate training of students of the same specialty and also in 
promoting understanding between engineers of related specialities, 
who inevitably come in contact in designing complex microelectronic 
circuits. 

The author wishes to express his deep gratitude to professor 
C.Ya. Shats, professor V.N. Dulin, and associate professor Yu.E. Nau- 
mov for valuable suggestions and ideas and also to the members of the 
Chair of Microelectronics at the Moscow Engineering Physics Insti- 
tute for help in drawing up the manuscript. 


Chapter BASIC CONCEPTS 
| OF MICROELECTRONICS 


1.1. General 


The role of electronics in the development of modern science and 
technology can scarcely be overestimated. Electronics is by right. 
considered a catalyst of scientific and technical progress. Indeed 
electronics is responsible for the achievements in exploration of 
outer space and deep sea, advancements in atomic power and com- 
puter engineering, radio broadcasting and television, automatiz- 
ation of production processes, and studies on living organisms. 
Microelectronics is the next stage of development of electronics and 
one of its basic branches that in principle offers new approaches to. 
the solution of problems confronting scientists and engineers now- 
adays. 

Electronics is the field of science and engineering that deals with 
the research, development of electronic devices and their utilization. 

Microelectronics is a branch of electronics concerned with the 
research, development, and utilization of qualitatively new electronic 
devices known as integrated microcircuits. 

An integrated microcircuit (or simply an integrated circuit) is a 
combination of a few interconnected circuit elements such as tran- 
sistors, diodes, capacitors, and resistors produced in a single manu- 
facturing process (Simultaneously) on one and the same bearing 
structure, called the substrate, and intended to perform a definite 
function involved in converting information. 

If an integrated circuit includes only one type of components, such 
as only diodes or resistors, it is said to be an assembly or set of com- 
ponents. 

The term integrated circuit (IC) implies a union of components. 
which form a structurally integral device designed to perform more 
complex functions than those assigned to isolated components. 

The inseparably associated and electrically interconnected com- 
ponents that make up an IC are called integrated (circuit) elements. 
They show certain features which distinguish them from conven- 
tional transistors or resistors fabricated as structurally individual 
elements and interconnected by soldering to form a circuit. Such 
structurally isolated parts typical of the “premicroelectronic age” 
are known as discrete components, and electronic units and blocks 
based on these components as discrete circuits. 
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What underlies the development of electronics is an ever growing 
demand for electronic equipments capable of performing more and 
more complex functions. At a certain stage of technical progress old 
means such as vacuum tubes and discrete transistors, or what is 
called old hardware, become unsuitable for the solution of new 
problems. The basic factors which necessitate the replacement of old 
hardware are the reliability, size, mass, cost, and power require- 
ments. A simple and tentative calculation can reveal the causes of 
a gradual swing from transistor engineering to microelectronics. 

Let it be required to make a compact electronic system consisting 
of 10® components. If we attempt to do the task using discrete com- 
ponents each of which has on the average a power of 15 mW, measures 
4 cm® with interconnections, weighs 1 g, costs 50 kopecks, and shows 
a failure probability of 10-5 h-1, the device so constructed will dis- 
sipate 1.5 MW, measure 100 m®, weigh 100 t, and will be worth 
50 million rubles excluding the labor cost. 

As is clear, the system proves far from being compact and totally 
unsuitable for, say, airborne applications. It consumes a huge amount 
of energy which, by the way, it is impossible to dissipate within the 
‘system of such dimensions. It is easy to calculate that its assembly 
will require not less than 10 man-years. The cost of the device is 
rather high and its production, even in a small batch, may turn out 
to be too difficult or too unprofitable for the national economy. 

But the main conclusion drawn from the example lies in the fact 
that the mean rate of failures (10-> x 4108) is equal to 10* h-, that 
is, about 1 failure in 3 seconds, which of course points to the unser- 
viceability of the device. 

It is likewise possible to illustrate the causes of transition from 
vacuum-tube to transistor technology. 

The example considered above shows that we cannot handle the 
task by means of discrete transistor engineering. To solve the pro- 
blem, we have to rely on qualitatively new hardware which would 
ensure a decrease in the failure probability, cost, and size by a few 
orders of magnitude. It is integrated circuits that constitute such 
hardware. 

It should be pointed out that microelectronics whose underlying 
principle is the integration of components has arisen from discrete 
transistor engineering and adopted its progressive methods and means. 
Indeed, an integrated circuit owes its appearance to the batch pro- 
cessing technique and planar technology both put to industrial use in 
discrete transistor engineering in the late fifties. The state of the 
art at the time was quite ripe for the onset of microelectronics. 

The idea of technological integration of components on a single 
substrate naturally stemmed from the batch processing and fabric- 
ation technique. In principle the technique consists in the following. 
A large number of transistors are manufactured simultaneously 
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(and arranged in a regular fashion) on a wafer of silicon or germanium 
25 to 40 mm in diameter or above (Fig. 1.4a). The wafer is then 
scribed vertically and horizontally and broken into hundreds of 
individual chips with a transistor in each chip (Fig. 1.1b). Next the 
chips are housed in cases with external leads (Fig. 1.1c) and delivered 





(6) (c) 


Fig. 1.1. Batch technique for manufacture of transistors 
(a) silicon wafer with transistors; (b) individual transistor chips; (c) encased transistor chip 


to the development engineer who has to perform the reverse operation, 
namely, interconnect the transistors (and other components) by 
soldering to produce the desired functional unit such as an amplifier, 
memory cell, etc. 

The principle of integration of circuit elements lies in the follow- 
ing. Instead of the manufacture of individual transistors, a great 
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Fig. 1.2. Batch technique for manufacture of ICs 
{a) silicon wafer with sets of elements; (b) interconnections of elements; (c) encased IC chip 


number of “sets” are produced simultaneously on a wafer. Each set 
contains all the components such as transistors, diodes, and resistors 
which make up an appropriate functional block (1.22). The method 
dispenses with thin wires and soldered leads for interconnection of 
components. Instead, the components are interconnected with short 
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fine metallic stripes deposited on the wafer surface. Thus each set of 
components is a ready integrated circuit (Fig. 1.2b). All ICs are 
regularly distributed on the wafer surface. It now remains to cut the 
slice into individual chips and encapsulate each (Fig. 4.2c). The 
development engineer receives the finished functional unit as a 
structurally integral electronic device. 

To ensure interconnection of elements with fine metallic stripes, 
the leads of all electrodes should lie in one plane, that is, on one and 
the same surface of the slice. Planar technology (see Sec. 6.9), which 
was one of the latest developments in transistor engineering, pro- 
vides for such an arrangement of leads. Microelectronics has naturally 
adapted the planar process along with the batch processing technique 
for the fabrication of ICs. 

Thus in the development and fabrication of IC-based equipments, 
microelectronic technology does away with numerous soldered con- 
nections, which are the basic source of failures, sharply decreases 
the size and mass of devices since each integrated element is free 
from the case and lead-out wires, and drastically cuts down the cost 
of finished products because the process of fabrication obviates the 
necessity for many packaging and mounting operations. As will be 
shown later in more detail, these factors combined with improved 
reliability are a great asset of ICs. 


1.2. Integrated Circuits 


In the course of development of microelectronics, starting in 1960, 
the range of IC was changing uninterruptedly. Various types of IC 
were sometimes regarded as alternative, or incompatible with all 
other types. At present each of the basic types has its own, relatively 
stable, place in microelectronics. In the above discourse devoted to 
the general idea of integration of circuit components, by the basic 
type of IC we have meant the semiconductor type. 


1.2.1. Classification of ICs. By the method of fabrication and 
the resultant structure, we can distinguish two principally different 
types of IC, semiconductor and film types. 

A semiconductor IC is a microcircuit whose elements are fabricated 
within the surface layer of a semiconductor substrate (Fig. 1.3). These 
ICs constitute the basis of modern microelectronics. 

A film IC is a microcircuit whose elements are various films formed 
by deposition on an insulating substrate (Fig. 1.4). By the method of 
film deposition and the thickness of deposited films, film ICs are 
divided into thin-film integrated circuits with the thickness of films 
up to 1 or 2 um and thick-film integrated circuits with a film thickness 
ranging from’10 to 20 um and above. Since none of the combinations of 
deposited films can so far provide for active elements of the transistor 
type, film ICs contain only passive elements such as resistors and 
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capacitors, for which reason purely film integrated circuits perform 
limited functions. To obviate this limitation, a film IC is supple- 
mented with active discrete components arranged on the same sub- 
strate and connected to film circuit elements (Fig. 1.5). Such a com- 
posite, film-discrete circuit is called hybrid. 





Fig. 1.3. Structure of semiconductor IC 


A hybrid IC (HIC) is a microcircuit which represents a combination 
of film passive elements and discrete active elements disposed on a 
common insulating substrate. Discrete components which form 
part of a hybrid IC are called inserted, or add-on elements to stress 
the fact that they have nothing to do with the technological cycle 


Resistor Capacitor Inductor 





Fig. 1.4. Structure of film IC 
1—upper plate; 2—Iower plate; 3—dielectric; 4—connection strip 


involved in the production of film circuit elements proper. Along 
with diodes and transistors, a hybrid IC may also contain semicon- 
ductor ICs as active components designed to serve more complex 
functions. 

One more type of composite IC which comprises semiconductor 
elements and film passive elements is a compatible hybrid IC. 
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A compatible hybrid IC is a microcircuit in which active elements 
are formed within the surface layer of a semiconductor chip (as in a 
semiconductor IC) and passive elements are deposited as films on the 
preliminarily insulated surface of the same chip (as in a film IC). 

Compatible HICs offer advantages where there is a demand for 
high values and high stability of resistances and capacitances; these 
requirements are easier to meet with the aid of film elements than 
with semiconductor elements. 

In all the types of IC, interconnections of elements are accomplished 
with fine metallic stripes evaporated or sputtered in definite regions 





Fig. 1.5. Structure of hybrid IC 


1—resistor; 2—metallized strip; 3—discrete 
transistor chip 





Substrate 


on to the surface of a substrate to connect the elements together. The 
process of deposition of these stripes is known as metallization, and 
the interconnecting metallic pattern as the connection layout. 


1.2.2, Semiconductor ICs. There are two classes of semiconductor 
ICs commercially available today, bipolar ICs and metal-insulator- 
semiconductor (MIS) ICs. Since in most cases the insulator is a silicon 
oxide, in the further discussion we shall use the term MOSICs instead 
of MISICs. A combination of bipolar and MOS transistors within a 
single chip represents a particular case. 

Integrated-circuit technology for both classes of ICs relies on 
alternate doping of a semiconductor (silicon) slice with donor and 
acceptor impurities to form within the body of the slice near its 
surface thin layers of different conductivity types and pn junctions 
at the boundaries of layers. Individual layers serve as resistors, and 
pm junctions as constituent elements of diode and transistor struc- 
tures. 

Doping of a slice with impurities has to be carried out locally, 
that is, in separate diffusion regions spaced at considerable intervals 
ranging from 10 to 100 wm. The method of local doping makes use 
of special masks with windows for the diffusion of impurity atoms 
into the desired regions on the slice. In the manufacture of semi- 
conductor ICs, it is usual to employ a film of silicon dioxide, SiO., 
as a mask that covers the surface of a silicon wafer. A suitable com- 
bination of photographic and etching techniques (see Sec. 6.7) 
provides the required combination of windows or, what is called, the 
pattern (Fig. 1.6). 
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Let us now define in brief the constituent elements of monolithic 
integrated circuits of both classes. 

The basic element of a bipolar IC is an npn transistor; the entire 
production cycle is tailored to manufacture just this element; all 
other elements must be made, wherever possible, at the same time as 
the transistor to do away with additional production stages. Resistors 
are formed at the same time as the base region and thus grown to the 


Windows Mask 
ZS 





Fig. 1.6. Oxide mask with windows for local doping 


same depth as the base. Reverse biased pn junctions serve as capa- 
citors, in which n-type layers correspond to the collector region of the 
npn transistor, and p-type layers to the base region. 

The basic element of a MOSIC is a MOS transistor with an induced 
channel (see Fig. 5.2). MOS transistors connected in a one-port net- 
work act as resistors and MOS structures play the role of capacitors; 
in these capacitors, the dielectric layer is formed simultaneously 
with the gate dielectric and the semiconductor “plate” simultaneous- 
ly with the source and drain regions. 

The elements of a bipolar IC should be suitably isolated to prevent 
them from interaction over the bulk of the chip. Isolation techniques 
for bipolar devices are considered in Sec. 7.2. The elements of MOSICs 
do not require isolation because no interaction exists between adjacent 
MOS transistors (see Fig. 7.2) and they can be spaced a minimum 
distance apart, this being one of the basic advantages of MOSICs 
over bipolar ICs. 

The characteristic feature of a semiconductor IC is the absence of 
inductors and transformers among its circuit elements. The attempts 
to use any physical phenomena in a solid body as an equivalent to 
electromagnetic induction have failed so far. In the development of 
ICs, therefore, the efforts are made to implement the desired function 
without resorting to inductances. In most cases this approach gives 
fruitful results. Where the circuit design inevitably requires the use 
of an inductor or transformer, suitable attachment of a discrete 
element to the substrate helps solve the problem. 

The chips for modern semiconductor ICs measure from 41.5 by 
1.5 mm? to 6 by 6 mm’. A larger area of the chip permits us to lay 
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out a more complex IC containing more components. It is possible 
to dispose a greater number of elements on the same area of the chip 
by decreasing the dimensions of elements and spacings between 
them. 

It is customary to define the functional complexity of ICs by the 
scale of integration, that is, by the number of elements (most often 
transistors) within a chip. In 1980-1981, the maximum scale of 
integration reached 10° elements in a chip. An increase in the scale 
of integration (and thus in the complexity of functions performed 
by ICs) is one of the main trends in microelectronics. 

The scale of integration is sometimes quantitatively expressed 
through a factor k =: log N, where WN is the scale of integration. 
Ifk <1 (that is, N < 10), the circuit is said to be a small-scale IC; 
ifii<k< 2, this is a medium-scale integrated circuit or MSI; if 
2>k <3, this is a large-scale integrated circuit or LSI; and if 
k > 3 (that is, N > 1000), the circuit is called a very large-scale 
integrated circuit or VLSI. 

Along with the scale of integration, in current use is one more 
index, called the packing density, which is the number of elements 
{commonly transistors) contained in a unit area of the chip. The 
packing density, which largely characterizes the technological level, 
at present reaches 1000 to 2000 elements per mm?. 


1.2.3. Hybrid ICs. As mentioned above, film and hybrid ICs are 
divided into thick-film and thin-film ICs depending on the technology 
of production. 

Thick-film HICs are fabricated in a simple way, even in a primitive 
way as it may appear at first glance. Layers of various inks (pastes) 
are deposited on an insulating substrate of a rather large area, a few 
square centimeters. A distinctive feature of the thick-film technique 
is the possibility of obtaining at once the film of a desired thickness. 
Conductive pastes provide interconnections, capacitor plates, and 
contact pads for connection of elements to case leads, or pins. Resis- 
tive pastes provide resistors, and dielectric pastes ensure insulation 
between capacitor plates and protection in general of the surface 
of the ready HIC. Every layer of paste must be of a certain configur- 
ation, or pattern. In the deposition of each layer of film, the paste is 
applied to the substrate through the windows of a stencil screen, 
or mask, which defines the pattern for the desired film (Fig. 1.7). 
After the passive circuitry on the substrate is completed, the next 
step follows which involves bonding of discrete.components to the 
reserved areas or to the protective dielectric layer and connection of 
their leads to contact (bonding) pads formed in conductive layers. 
Thick-film HIC technology and the parameters of the hybrid circuit 
elements are considered in more detail in Sec. 6.14 and Sec. 7.14 
respectively. 
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The above short description allows us to single out the following 
features of the thick-film hybrid approach: 

4. The “mechanical” deposition process does not permit fabrication 
of films less than 10 to 20 pm in thickness (typical thicknesses being 
50 to 100 um), hence the names thick-film technology and thick-film 
hybrid circuit. 

2. Simple technology! makes hybrid circuits more available and 
cheaper. 

3. The “mechanical” method of film deposition cannot ensure 
sufficiently small tolerances on the ratings of resistors and capacitors, 
that is, cannot produce precision elements. 
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Fig. 1.7. Stencil screen for local deposition of Fig. 1.8. Layer-by-layer 
ink growth of thin film 


Thin-film HICs necessitate more complex technology than thick- 
film hybrids. Besides, the thin-film deposition process uses specific 
tooling and equipment, commonly rather expensive, so thin-film 
hybrids are costlier than thick-film HICs. 

Classical thin-film technology involves deposition of films on a 
substrate from a gaseous phase. In distinction to the deposition of 
thick films, the growth of thin films to the final thickness proceeds 
gradually, one monomolecular layer over the other (Fig. 1.8). After 
deposition of the film, the growth of the next film follows, now from 
the gaseous phase of a different chemical composition to impart the 
film the desired electrical and physical properties. This procedure. 
enables the consecutive growth of conductive, resistive, and dielec- 
tric layers. A metal mask placed over the substrate (as in the thick- 
film deposition process) or a mask grown on the surface (similar to an 


1 In reality this technology is of course not so simple as it may appear from 
the above description. The problem that faces engineers is the search for the 
right formulation of pastes noted for very complex compositions since they 
must meet numerous and often conflicting requirements. 
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oxide layer in the fabrication of semiconductor ICs, as shown in 
Fig. 1.6) defines the pattern for each film layer. 

In order that atoms or molecules of a vapor might move freely 
from the source to the substrate, the process of film deposition should 
take place in a confined space with a vacuum of the desired degree. 

As with thick-film HICs, discrete elements of thin-film HICs are 
mounted on to the finished passive circuitry and connected to the 
proper contact pads. A more detailed description of thin-film HIC 
technology is given in Sec. 6.10, and the parameters of the thin-film 
hybrid elements are considered in Sec. 7.114. 

The above description permits us to point out the following features 
of the thin-film hybrid approach: 

1. Since films grow at a comparatively low rate, the deposition of 
films over 1 ym in thickness takes much time. Besides, the deposited 
films over 1 or 2 um thick easily peel off. The typical thickness of 
thin-film HICs does not exceed 0.5-1 um, hence the terms thin-film 
technology and thin-film HIC. 

2. A low rate of film growth allows a rather easy control of film 
thicknesses, ensuring close tolerances on the values of resistors and 
capacitors and thus a high precision of these elements. 

The scale of integration of HICs cannot be estimated in the same 
way as for semiconductor ICs since there is no film active component 
here that would serve as a “point of reference”. All the same there is 
a term large-scale HIC (LSHIC), which means that the discrete com- 
ponents attached to this circuit are not only transistors but complete 
semiconductor ICs, and so the large-scale HIC can perform a much 
more complex function than an individual IC or even an LSI. 


1.3. Main Features of Integrated Circuits 


An integrated circuit belongs to the family of electronic devices; 
like a vacuum tube or transistor, this device represents a construc- 
tional unit, performs a definite function, and must satisfy certain 
test and performance requirements. But in comparison to, say, a 
diode or transistor, the IC is a qualitatively new type of device. 

The first basic feature of an IC as an electronic device is that the 
integrated circuit can perform a rather complex function, whereas 
elementary electronic devices can perform a similar function only 
in combination with other components. For instance, an individual 
transistor is unable to amplify a voltage signal or store information. 
For this, it is necessary to assemble an appropriate circuit from a few 
transistors, resistors, and other components. In microelectronics, 
however, a single device—an integrated circuit—can act as a voltage 
amplifier or storage device. 

The second important feature of an IC is that an increased functional 
complexity of this device does not affect any of the basic factors such 
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as reliability and cost. The contrary is true for elementary discrete 
devices. Moreover, ICs offer reliability and cost advantages. To 
illustrate this feature, consider an example of semiconductor ICs. 

Since small-scale and medium-scale ICs are comparable with dis- 
crete transistors in size and mass, it can be assumed that in a first 
approximation the gain in size and mass on converting from discrete 
to integrated circuits depends on the scale of integration and thus may 
run to hundreds and thousands. But it is difficult to estimate accur- 
ately this gain by theoretical calculations because ICs have other 
standard sizes of enclosures and a larger number of leads than dis- 
crete components. 

The operating reliability of a semiconductor device included in a 
functional unit is largely determined by the number of soldered and 
(to a lesser degree) welded joints. Since the interconnections of inte- 
grated elements are made by metallization (that is, without soldering 
and welding), the IC certainly shows better reliability than the 
discrete circuit that serves the same function. As the scale of integra- 
tion grows, the reliability improves. 

Because all the elements of an IC are fabricated in a common tech- 
nological cycle, the number of operations involved in the production 
of these elements does not greatly exceed the number of operations 
required to manufacture an individual transistor. For this reason 
the cost of an IC, other conditions being the same, compares to the 
cost of a single transistor. So, depending on the scale of integration 
(or, more precisely, on the packing density), the cost of an integrated 
circuit element may be as small as hundredths of the cost of a similar 
discrete component. The same relation exists between the cost of 
an IC and the cost of a similar circuit based on discrete components. 

The third feature of an IC lies in the preference of active elements 
over passive ones—-a feature diametrically opposite to that inherent 
in discrete transistor techniques. In a discrete circuit the active 
components, particularly transistors, are most expensive, for which 
reason the circuit optimization, considering that all other con- 
ditions are equal, consists in a decrease in the number of active 
elements. Not so with an IC: it is the chip that defines the cost 
rather than an element. Thus it is advantageous to build into a chip 
ns many small-area elements as possible. Active elements such as 
transistors and diodes occupy the smallest areas, and passive elements 
(he largest. So the optimal integrated circuit is an IC which contains 
’ minimum number of resistors and, particularly, capacitors, both 
having the lowest nominal values. 

The fourth feature of an IC is associated with the fact that adjacent 
wlements are spaced merely 50 to 100 pm apart. At such intervals, 
the material is not very likely to show differences in electrical and 
physical properties, and so a considerable difference between the 
parameters of adjacent elements is improbable. In other words, the 
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parameters of adjacent elements are mutually related, or correlated. 
This correlation holds with temperature changes too: the temperature 
coefficients of parameters are practically identical for adjacent 
elements. The correlation of the parameters of adjacent elements is 
used in designing some ICs to reduce the effect of spread in values and 
the effect of temperature changes. 

Hybrid ICs also represent a particular type of electronic device. 
But hybrids incorporate isolated components, so they are less specific 
than semiconductor ICs. Nevertheless both types have many common 
features. 

The basic feature specific to any type of IC is its functional com- 
plexity which leads to qualitative changes in the structure of electronic 
equipment. As compared with a semiconductor IC, a HIC may 
feature either high values of resistors and capacitors, unattainable in 
semiconductor ICs, or a high precision of resistors, or, last, an 
increased functional possibilities typical for a large-scale HIC. 

The gain in reliability, cost, size, and mass of HICs is due not only 
to the passive film network but also to the use of unencapsulated 
active components and to a decreased number of welded joints and 
assembly operations. 

One of the important and distinctive features of HICs lies in the 
possibility of correction (trimming) of resistors to the specified toler- 
ances before circuit completion and encapsulation. This considerably 
reduces the spread of resistances and enables the fabrication of pre- 
cision resistors essential for measuring devices and computers. As a 
whole, a HIC may be considered to be quite a versatile, cheap, and 
readily producible type of IC well adapted to solving special, par- 
ticular problems. 


1.4. Conclusion 


The first stages in the development of microelectronics were pri- 
marily characterized by the progress in integrated-circuit technology. 
The common trend at the time was toward the perfection of isolation 
methods, LSI technology, and mounting and bonding methods. As 
regards circuit engineering, in those early stages of microelectronics 
development, the trend was to adopt the circuit layout techniques 
from discrete transistor electronics. 

But it soon became apparent that circuit designs must be consistent 
with qualitatively new techniques of IC fabrication. The circuits, 
regarded as typical in discrete transistor techniques, proved far 
from bejng suitable for use in microelectronics. On the other hand, 
many discrete circuits, considered as being “exotic” and found but 
limited applications, turned out to be quite appropriate and even 
optimal for microelectronic devices. That is why integrated-circuit 
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configurations do not coincide with those typical of conventional 
transistor techniques. 

During the development of microelectronics there have appeared 
some specific integrated elements such as multiemitter transistors 
und charge-coupled devices. There are no analogs of these devices in 
descrete transistor circuits. Integrated circuits that contain these 
specific elements are not amenable even to modeling with discrete 
components. 

The above discussion points to the fact that microelectronics as a 
field of science and technology is in no way limited only to IC fab- 
rication. It combines three equivalent aspects: physics, technology, 
and circuit engineering. The knowledge of these three microelectronic 
aspects helps the development engineer to estimate judiciously both 
new variants of the hardware or circuit designs from the viewpoint 
of their realization and new variants of production processes from the 
viewpoint of their applicability for the fabrication of certain ele- 
ments and circuits. 

These three aspects are a subject dealt with in subsequent chapters. 
The last chapter describes some types of IC and trends in micro- 
electronics. 


Chapter SEMICONDUCTORS 


2 


2.1. General 


By convention, semiconductors are considered to be substances 
having a resistivity midway between that of insulators and metals. 
Semiconductors thus span the resistivity range from 10-* to 10° Q cm, 
metals from 10-4 Q cm and below, and dielectrics from 10° Q cm 
and above. Of course, such a purely quantitative classification is 
rather conditional, particularly as regards semiconductors and 
dielectrics, since in principle there is no essential difference between 
these two classes of substances. The differences between semiconduc- 
tors and metals are more substantial and manifold; they differ in 
many other parameters apart from resistivity. 

Since semiconductor devices (primarily transistors) form the basis 
of modern microelectronics, the physics of semiconductors deserves 
consideration. For this reason, this Chapter deals entirely with semi- 
conductors; it does not cover metals and dielectrics in a particular 
way, but certainly considers their basic features to distinguish these 
materials from semiconductors. 

Among semiconducting materials, silicon has proved most suitable 
for the manufacture of integrated circuits. This material rapidly 
ousted germanium (which had played a historical role in the growth 
of transistor electronics) and up to now it has not met any worthy 
rival. In all examples and illustrations, therefore, we shall use 
electrical and physical parameters of silicon and also point out those 
properties and features of this material which have enabled it to 
hold the leading place in microelectronics. 


2.2. Structure of Semiconductors 


The area of modern ICs is in the order of 2 to 30 mm’, the area of 
circuit elements ranges from 10-? to 10-3 mm?, and the linear dimen- 
sions of individual electrodes are as small as 1 wm. It is obvious that 
within such areas and spacings a semiconductor wafer must be 
sufficiently homogeneous and have controlled properties. If a semi- 
conductor yet shows defects and inhomogeneites, these should be 
local and their number as small as possible in order to limit the 
number of rejects only to the ICs located within the defective regions. 
This explains why the problem of obtaining homogeneous, defect-free 
semiconductor crystals deserves so much attention. 
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2.2.1. Crystal lattice. Semiconductors are as a rule solid bodies 
—single crystals—displaying a regular crystal structure, whose crystal 
lattice consists of a great number of periodically repeating adjacent 
unit cells of a certain variety of shapes and sizes. For the simplest 
cubic lattice (Si, Ge, NaCl, and others), the edge of its unit cell— 
the cube—is the lattice constant a, equal to 0.4 to 0.6 nm. The diamond- 
type cubic lattice (Si, Ge) consists of tetrahedrons (Fig. 2.1), with the 
distance between neighbor atoms coming to about 0.25 nm. 

Bonds between the atoms in the crystal lattice of silicon and a 
number of other semiconducting materials are attributed to specific 
mutual forces which arise from the 
union of pairs of valence electrons 
of neighbor atoms. Such a bond, in 
which either of the atoms remains 
neutral, is called a covalent, or va- 
lence, bond. 

The regularity (periodicity) of 
a crystal structure is the cause of 
differences between the physical 
properties of a crystal in different 
directions. This directional depen- 
dence of physical properties is 
known as anisotropy. To estimate Fig. 2.1. Diamond-type crystal 
various directions in the crystal lattice structure 
and thus readily recognize the type of crystalline substance, it is 
customary to employ crystallographic axes and planes normal to these 
axes. In use is a convenient system of designation of crystal axes and 
planes by three-digit Miller indexes. Thus the indexes put in brackets, 
such as [114], [100], etc., identify axes, and the indexes enclosed in 
parentheses, such as (111), (100), etc., denote planes or faces. 

The derivation of Miller indexes for the simplest cubic lattice is 
illustrated in Fig. 2.2a. As seen, a plane cuts the axes into inter- 
cepts measured in units of the lattice constant: z = la; y = ma; 
< = na; where J, m, and n are integers. By reducing the reciprocals 
[-1, m-!, and n7! to the least common denominator, we take the 
numerators as Miller indexes for the given plane. 

Note that every crystal plane exhibits a definite density of atoms 
per unit area. Thus if we “view” a cubic crystal in the direction 
normal to the planes (100), (410), and (411), the arrangement of 
atoms that fall within our view will be as shown in Fig. 2.2b (the 
atoms on the lattice sites being numbered for clarity). The plane (111) 
shows the highest density of atoms, and the plane (100) the lowest. 
In silicon, the plane (141) is the plane of cleavage, along which the 
crystal cracks and splits. 

Many properties and parameters of a crystal, such as optical 
characteristics and rate of etching, vary in different crystal planes. 
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This calls for accurate grinding of a slice for ICs along the chosen 
crystal plane and control over slice fabrication with the aid of X-ray 
defraction methods. 





Fig, 2.2. Crystal planes 
(a) derivation of Miller indexes (b) arrangement of atomsjin’crystal planes 


In recent years, liquid crystals, that is, anisotropic liquids, have 
come into use. They have a complex chemical composition and con- 
tain organic substances. What makes liquid crystals useful for prac- 
tical purposes (in various light indicators, such as luminous dials of 
electronic watches, and in other devices) is the ability to change their 
optical properties on exposure to an electric field or temperature. 


2.2.2. Crystal defects. Whatever the type of crystal, its structure 
never happens to be perfect; structural imperfections always exist in 
the bulk of a crystal, let alone the defects on its surface. 

Lattice defects may show up as a vacant lattice site (the Schottky 
defect, in which case the atom that has formed a vacancy moveson to 
the crystal surface) or a combination of the vacant site and inter- 
stitial atom (the Frenkel defect). These are point defects (Fig. 2.3a, b) 
which inevitably appear in a crystal; the concentration of point 
defects follows a thermodynamic rule: it sharply grows with tem- 
perature. Point defects spread almost uniformly throughout the bulk 
of a crystal. 

Other lattice defects may result from the bombardment of a crystal 
by heavy nuclear particles, called nucleons. These are radiation- 
induced defects. 

Any real semiconductor contains impurities, either harmful, 
which are difficult to remove in refining, or useful, introduced inten- 
tionally to impart the desired properties to the crystal. Every foreign, 
or stranger, atom is in fact a point defect in the crystal lattice. 
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Impurity atoms can lie either in interstices (interstitial impurity, 
as J in Fig. 2.3c) or on sites themselves as they replace parent atoms 
(substitutional impurity, at 2 in Fig. 2.3c). The latter defect is more 
widespread. 

Dislocations are displacements of lattice planes. They can be of 
the line (edge) and screw (helical or Burgers) types. The first type 





(a) (6) 


Fig. 2.3. Point defects in the crystal lattice 
(a) Schottky defect; (b) Frenkel defect; (c) impurity defects 


results from a partial shear (partial slip) of the lattice so that ar 
incomplete half-plane of atoms appears (Fig. 2.4a). The second type- 
results from a complete shift (over the entire depth) of some portion. 
of the lattice (Fig. 2.4b). 


LLLL/ 





(a) 


Fig. 2.4. Dislocations in the crystal lattice 
(a) liney (b) screw 


The density of dislocations is estimated visually (with a micro- 
scope) by counting etch pits. The formation of pits under the action 
of an etchant is one of the indications of changes in the properties of 
a crystal at the site of dislocations. A faster diffusion of impurities. 
into dislocations may serve as another indication of changes in 
properties. Both examples point to the fact that dislocations may 
lead to undesirable results in the production process, that is, to 
uncontrolled profiles (dimensions) of IC elements. This calls for 
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setting strict limits on the number of dislocations in a semiconductor 
wafer. At present the permissible dislocation density for silicon slices 
is set at 1 to 10 mm~’, though in the process of treatment it can 
grow to a certain degree. Over the past few years dislocation-free 
silicon slices have become available. The dislocation density in these 
slices does not exceed 1 cm~?. 

A polycrystal may represent a limiting case of random dislocations. 
This crystal consists of a great many of the tightly adjoining mono- 
crystalline grains (microcrystals) with various orientations. Poly- 
crystals lack the periodicity of structure and thus are free from the 
anisotropy which is intrinsic in single crystals. They can have both 
a fine-grain and a coarse-grain structure. The size of grain determines 
many electrical and physical properties, for example, electric con- 
duction. The larger the grains, the smaller the role of boundaries 
between the grains, and, specifically, the lower the resistivity of a 
polycrystal. But since the microstructure of polycrystals is practical- 
ly uncontrollable, the reproducibility of their electrical and physical 
properties is incomparably poorer than that of single crystals. This is 
the reason why polycrystals have not become basic materials for 
most responsible (active) integrated elements and play an auxiliary 
part in microelectronics. 

A polycrystal in itself contains a large number of defects, so it 
behaves rather indifferently to the appearance of new defects indu- 
-ced, for example, by nucleonic radiation. Hence, an enhanced radia- 
tion stability of polycrystals. 

Along with dislocations, macroscopic defects such as microcracks 
and pin holes (voids) appear in semiconductor slices. These defects 
are potential causes of malfunction of ICs. 


2.2.3. Crystal surface. Atoms located on the surface of a crystal 
have a part of their covalent bonds inevitably broken because they 
lack neighbors on the other side of the interface. The number of 
broken bonds depends on the crystallographic orientation of the 
surface. Thus for silicon, one of the four bonds is seen to be incomp- 
lete a the plane (111), and two in the plane (100), as shown in 
Fig. 2.5. 

The rupture of covalent bonds entails disturbances in energy 
equilibrium on the crystal surface. The surface energy comes to 
equilibrium in a number of ways: (1) through changes in the distance 
between atoms in the surface layer, that is, changes in the structure 
of unit cells; (2) through capture—adsorption—of foreign atoms from 
the environment, which fully or partially restitute the broken bonds; 
(3) through the formation of a chemical compound such as an oxide 
with completely filled bonds on the surface; etc. In any of the cases, 
the structure of a thin surface layer, about a few nanometers thick or 
-even less, differs from the structure in the crystal bulk. 
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In consequence, the electrical and physical properties of a surface 
layer noticeably differ from the properties of the bulk; this conclusion 
holds whether a crystal is in a vacuum, atmosphere, or adjacent to 
a certain solid body. The surface, or boundary, layer (it is customary 
to refer to it simply as the surface, or boundary) should thus be re- 
garded as a specific region of crystal. This region plays an important 
part in microelectronics since the elements of planar ICs are located 
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Vig. 2.5. Rupture of covalent bonds on the crystal surface 
(a) in plane (411); (b) in plane (100) 





directly under the surface, and the dimensions of working regions are 
often comparable to the thickness of boundary layers. The quan- 
titative features of surface layers will often be noted in the subse- 
quent Sections. 

The surface of real crystals commonly has a yet more complex 
structure than the surface described above. For instance, a film of 
SiO,, which brings about an energy equilibrium on the surface of 
a silicon slice, may have a hydrate (aqueous) coat that results from 
adsorption of hydroxyl groups, OH. Such a two-layer film is called 
a hydrated oxide typical for the surface of silicon. 

Along with films of physicochemical origin, the surface of a 
crystal can certainly be contaminated with very different substances 
such as the residues of acids or alkalis utilized for surface treatment, 
grease spots, and others. 


2.2.4. Amorphous substances. Apart from polycrystalline (gra- 
nular) solids, there are amorphous, or completely homogeneous, 
structureless substances. The distinctive property of amorphous 
hodies is the absence of a well-defined temperature of melting: 
transition from the liquid to the solid state proceeds uniformly, so 
the viscosity grows evenly. Conversion from the solid to the liquid 
state occurs uniformly too. 

A typical representative of amorphous solids is glass of various 
kinds, including common glass, the glass former of which is silicon 
oxider, SiO,. Most of the thin dielectric films used in microelectronics 
ure amorphous. 
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To amorphous semiconductors belong chalcogenide glasses, which 
are the compositions of silicon with chalcogenide elements such as 
tungsten, tellurium, and others. Amorphous semiconductors are 
cheaper and easier to produce than single crystals. Besides, they are 
less subject to radiation-induced defects as are polycrystals. But 
these materials are still in the stage of development since they show 
a poor reproducibility and stability of properties and find only 
limited, specific applications. 


2.3. Charge Carriers 


One of the most important parameters of any of the substances, semi- 
conductors included, is electric resistivity. It is obvious that a sub- 
stance can display electric conduction only if it has free carriers 
which can move under the effect of an electric field or gradient of 
carrier concentration. Consider the origin of free charge carriers in 
semiconductors. 

A pure, perfect semiconductor with an ideal crystal lattice is 
called intrinsic. At absolute zero, such a semiconductor has no free 
carriers and represents an ideal insulator. As its temperature rises, 
the crystal acquires an additional energy which induces vibratory 
motions of atoms located at the lattice sites. In accordance with a 
corpuscular interpretation, the carriers of energy that induce mecha- 
nical vibrations of the lattice are quanta known as phonons, which 
are analogs of photons. 

With an increase in the temperature, the number and energy of 
phonons grow high enough to break off covalent bonds between the 
atoms of the lattice. The rupture of a covalent bond results in a pair 
of charge carriers—a free (knock-on) electron and a vacancy, called 
a hole, near the atom which has lost the electron (Fig. 2.6). The process 
of electron-hole generation under the action of phonons is thermal 
generation. 

One of the valence electrons of a neighbor atom escapes its bond 
and quickly fills the hole to complete the broken bond, leaving 
behind a new hole, and so on. The hole thus behaves as a particle 
carrying an elementary positive charge. Like a free electron, a hole. 
executes a random motion for a certain period of time, called hole 
lifetime, until it recombines with one of the free electrons. 

It is not only phonons that rupture covalent bonds and generate 
electron-hole pairs, but also quanta of other kinds of energy, such as 
light, X-rays, and y-rays. In comparison with the effect of heat, the 
specific feature of the last factors is that they only exert a local 
effect which depends on the penetrating power of the energy in 
question and the area of rays impinging on the surface. In other 
words, exposure of a semiconductor to radiation is equivalent to its 
local heating in the absence of thermal conduction. If the area of a 
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beam exceeds the dimensions of a crystal, and the crystal is rather 
thin (transparent to radiation), the result of irradiation will be in 
essence the same as in heating. 

Semiconductors thus have two types of free carriers, electrons and 
holes. In an intrinsic semiconductor, they always appear and re- 
combine in pairs, so that the number of electrons is always equal to 
the number of holes. Conduction in an intrinsic semiconductor, 
which is due to electron-hole pairs of thermal origin, is termed 
intrinsic conduction. Conduction that results from impurity atoms is 
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Fig. 2.6. Generation Fig. 2.7. Substitution of impurity atoms for pa- 
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(a) donor impurity (formation of a free electron and a sta- 
tionary positive ion); (6) acceptor impurity (formation of 
a free hole and a stationary negative ion) 


known as extrinsic (impurity) conduction. Impurities inherent in 
silicon are substitutional impurities (see Fig. 2.3c). The result of 
substitution depends on the valency of impurity atoms. 

If we dope silicon with an atom of a pentavalent element, say, 
phosphorus, antimony, or arsenic, four of the five electrons of this 
atom will interact with four electrons of neighbor host atoms to 
complete four covalent bonds (Fig. 2.72) and thus form together a 
stable shell consisting of eight electrons. The fifth electron of the 
pentavalent atom is weakly bound to its nucleus and can be readily 
knocked out by phonons. The impurity atom then becomes an im- 
mobile ion with a unit positive charge. 

Free electrons lost by impurity atoms add to electrons broken 
nway from host atoms. Conduction in the semiconductor becomes 
lurgely electronic; such a semiconductor is called electronic, or 
n type. Impurities which provide for electronic conduction are known 
us donors since they donate (give off) electrons. 

If now silicon receives an atom of a trivalent element such as 
boron, gallium, or aluminium, then all the three valence electrons of 
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this atom will interact with four electrons of neighbor atoms to build 
up covalent bonds (Fig. 2.7b). Obviously, one of the four bonds 
remains incomplete and needs an additional electron to form a stable 
eight-electron shell. A valence electron of a neighbor atom may get 
free and fill the bond, leaving behind a hole. The impurity atom is 
now a Stationary ion having a unit negative charge. 

Impurity holes have an added effect on parent holes, and conduc- 
tion in the semiconductor is largely due to holes. Such a semiconduc- 
tor is termed a hole, or p-type’, semiconductor. Impurities responsible 
for hole conduction are called acceptors since they accept (or capture) 
electrons from the lattice. 

To take off an electron from a donor or an electron from a neighbor 
host atom to fill the incomplete bond of an acceptor requires a 
certain amount of energy, called impurity ionization or activation. 
energy. That is why at absolute zero, ionization does not exist, but 
at working temperatures ranging from minus 60°C and above, at 
room temperature in particular, impurity atoms of elements in 
groups III and V added to silicon and germanium get ionized almost. 
completely. 

Since in impurity semiconductors the concentrations of electrons 
and holes differ sharply, it is customary to call the prevailing type 
majority carriers, and the other type minority carriers. In n-type 
semiconductors majority carriers are electrons, and in p-type semi- 
conductors these are holes. 


2.4. Energy Levels and Bands 


A quantitative analysis of semiconductors and semiconductor devices 
relies on the band theory of solids. 


2.4.1. Band structure of semiconductors. A solid body consists of 
a host of atoms which strongly interact owing to small interatomic 
distances. Instead of a combination of discrete energy levels inherent 
in an individual atom, characteristic of a solid body is an aggregate of 
energy bands. Every band originates from a certain level which splits, 
as it were, as atoms come closer together. As a result, a crystal with 
an interatomic spacing d, features a definite arrangement of energy- 
bands; the band diagram where (allowed) energy bands alternate with 
energy gaps, also called forbidden bands or bandgaps, appears in 
Fig. 2.8. The upper energy band is a conduction band, and the band 
below it is a valence band. At absolute zero the valence band is always 
filled completely with electrons, whereas the conduction band is 


1 Letters n (from negative) and p (from positive) are standard symbols 
accepted in semiconductor physics andt echnology to identify quantities related 
to electrons and holes respectively. A symbol i (from intrinsic) is used for quan- 
tities describing an intrinsic semiconductor. 
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cither filled only in its bottom or empty at all. The first case is. 
xpecific to metals (Fig. 2.9a), and the second to semiconductors and 
dielectrics (Fig. 2.9b, c). Dielectrics mainly differ from semiconduc- 
tors by a much wider bandgap. 

Figure 2.9b illustrates the energy band diagram for a pure, in- 
rinsic semiconductor. In extrinsic (impurity) semiconductors, the: 
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Fig. 2.8. Diagram showing the for- 
mation of energy bands and bandgaps 
as atoms come closer together 
1--individual atomic energy levels; 2— 
avyregate of energy bands; 3—almost con- 
tinuous energy bands 
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hand diagrams (Fig. 2.10) are different. As seen, donor and acceptor 


lovels occupy the bandgap; donor levels lie close to the lower edge 
(bottom) of the conduction band (Fig. 2.10a), and acceptor levels 
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iy. 2.9. Energy band diagrams at T= OK 
(«) for metal; (b) for semiconductor; (c) for dielectric 


lose to the upper edge (top) of the valence band (Fig. 2.100). It. 
should also be noted that impurity levels do not split into bands. 
lwenuse the impurity concentration is{usually low and, hence, the 
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distance between impurity atoms is so large that the atomic interac- 
tion needed to form energy bands is quite insufficient. 

This conclusion does not cover the cases where the impurity 
density is very high, 10'8-10'® cm-* and above. With such impurity 
concentrations, impurity levels “split” and form an impurity band 
which commonly combines with the nearest energy band of the semi- 
conductor. The combined band is partially filled with electrons, as 
is the case with metals. For this reason highly doped semiconductors 
are termed degenerate, or semimetals. 

Donor and acceptor levels are said to be shallow, implying that 
they lie at small distances from respective energy bands. But some 
impurities present in a semiconductor or specially introduced into it 
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Fig. 2.10. Energy band diagrams for extrinsic semiconductors at T= 0K 
4a) n-type; (b) p-type; (c) neutral impurity doped; (d) n-type, including surface states 
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feature deep levels located near the middle of the bandgap (Fig. 2.10c). 
In silicon, deep levels are typical for the atoms of gold, copper, nickel, 
and some other impurity elements. Such impurities are neither 
-donors nor acceptors, but they play a significant part in the operation 
of semiconductor devices. This fact will be given due consideration 
later in the book. 

In Subsec. 2.2.3 we have pointed out the influence the surface of 
-a semiconductor has on its various parameters (more precisely, its 
thin surface layer having a thickness of a few atomic spacings). In 
the surface layer, crystal lattice defects and adsorbed atoms tend 
to produce additional energy levels, or sometimes even full energy 
bands. Such specific levels are commonly referred to as surface levels, 
-or surface states. These levels may occupy any position on the band 
diagram of a semiconductor. They most often lie within the bandgap 
as do donor, acceptor, and trapping levels (Fig. 2.10d). 

Surface levels are the cause of difference in electrical and physical 
parameters between the surface layer and crystal bulk. The degree of 
‘such a difference depends on the density of surface states, N,,. From 
the physical viewpoint, this parameter defines the quantity of addi- 
tional levels in the surface layer per unit area. 
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2.4.2. Carrier transitions between bands and states. In an intrin- 
sic semiconductor, a part of electrons transfer from the valence 
band to higher levels (at a temperature different from absolute zero), 
namely, to the conduction band (Fig. 2.112). The amount of energy 
required to excite electrons from the valence to the conduction band 
depends on the width of the bandgap. 

Electrons that occupy energy levels in the conduction band are 
called free in the sense that they can move within the crystal under 
the influence of an electric field. For an electron to leave the crystal 
and escape into the environment, it must gain enough energy to 
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overcome a rather high potential barrier on the surface of a solid 
(Fig. 2.44b). The energy required for an electron to jump over this 
barrier is known as the work function, which determines the thermionic 
emission of a solid at a given temperature. At common operating 
temperatures, only a very small number of electrons can store this 
amount of energy. So, thermionic emission has to be reckoned with 
only in particular cases. 

It is possible to liken an aggregate of free electrons in a solid to 
an electron gas contained, as it were, in a “vessel” formed by the 
external faces of a crystal. Since such a “vessel” is full of stationary 
atoms at lattice sites, the properties of electrons in a solid differ from 
the properties they have when placed in free space (vacuum). Thus the 
mass of an electron in a crystal differs from its mass in a vacuum. 
That is why the theory of solids commonly utilizes the notion of 
effective mass m*, which is a few times and occasionally tens of times 
smaller than the mass of the electron in a vacuum (Table 2.1). 

Electrons excited by phonons into the conduction band leave in 
the valence band empty energy levels, or holes. These levels can be 
filled by electrons in the valence band, the process being equivalent 
to the motion of holes. In Sec. 2.3 we have given a corpuscular inter- 
pretation of this process. 

The return of an electron from the conduction band onto vacant 
levels in the valence band results in recombination of this electron 
with a hole, that is, elimination of the pair of charge carriers. In the 
equilibrium state, the rates of thermal generation and recombination 
of electron-hole pairs are equal. 
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Fig. 2.44. Transition of valence ele- 
ctrons into the conduction band (a) 
and out into the environment (b) 
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Basic Parameters of Some Semiconductors 





Parameter Silicon 
Nuclear charge 14 
Atomic mass 28.4 
Relative permittivity 12 
Melting point, °C 1420 
Thermal conductivity 4, 

W/cm °C 1.2 
Specific heat c, J/g °C 0.75 
Effective electron mass 

Mn, in relative units 0.33 
Effective hole mass mp, 

in relative units 0.55 
At 7=300 K 
Bandgap width gg, V 1.44 
Effective density of sta- 

tes N,, cm-3 2.8x 1019 
Effective density of sta- 

tes Ny, cm=3 1.0x 1019 
Electron mobility pp, 

cm?2/(Vs) 1 400 
Hole mobility Lp, 

cm?2/Vs 500 
Intrinsic resistivity (;, 

Q cm To 2x10® 
Intrinsic concentration 

nj, cma-3 To 2x 1010 
Diffusion constant Dp, 

cm2/s 36 
Diffusion constant Dp, 

cm2/s 13 
Critical field strength 

Eern, V/em 2 500 
Critical field strength 

Ecr p, V/cm 7 500 
Maximum velocity 

Umax n» Cm/s 10x 108 


Maximum “velocity 
Ymax p» m/s 8.0x 10° 





Germanium 


32 

72.6 

16 
940 


0.55 
0.44 


0.22 


0.39 


0.67 
1.0x 101° 
0.61 x 1019 
3 800 
1800 
To 60 
2.5 1018 
100 
45 
900 
1400 
6.5 x 108 


6.0x 10° 





GaAs alloy 


To 4x 108 


To 1.5x 10 


290 





Table 2.t 


InSb alloy 


520 


To 65 000 


| To 1750 


17 


2.4. Energy Levels and Bands 395 


In extrinsic semiconductors the process of formation of free carriers 
ut increased temperatures occurs in a different manner. In n-type 
xemiconductors along with the thermal generation of electron-hole 
pairs, an added process takes place, in which electrons jump from 
donor levels into the nearest band, the conduction band. In p-type 
“emiconductors, electrons leave the valence band to occupy the nearest 
ucceptor levels. Consequently, excess electrons appear in n-type 
xemiconductors, and excess holes in p-type semiconductors. 

As noted earlier, typical donor and acceptor levels are shallow: 
the activation energy for these levels is by far smaller than that for 
“lectrons in the valence band. With a rise in temperature, therefore, 
he concentration of free carriers that result from the ionization of 
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Vig. 2.12. Energy band diagrams for semiconductors containing both types of 
impurity, at T=OK 


(a) donor impurity prevails; (b) acceptor impurity prevails; (c) concentrations of both impu- 
titles are equal 


impurity atoms grows much faster than the concentration of electron- 
hole pairs. The prevailing process of extrinsic carrier generation does 
hot terminate until the ionization of impurity atoms becomes com- 
plete. The temperature at which this process ceases is known as the 
lemperature of complete ionization. As the temperature rises further, 
{he concentration of free extrinsic carriers remains constant, while 
the concentration of electron-hole pairs goes on climbing up. This 
moans that the densities of electrons and holes gradually level off 
with growing temperature, and the eztrinsic semiconductor smoothly 
changes to an intrinsic semiconductor. The temperature at which such 
conversion occurs is called a critical temperature. 

eal semiconductors generally contain both donor and acceptor 
impurities, but in different concentrations (Vg and N,). Band 
diagrams for such semiconductors are shown in Fig. 2.42. At Ng> 

- N, (Fig. 2.12a), the number of “useful” donor atoms whose elec- 
trons are able to pass to the conduction band is only equal to Ng — Ng. 
‘he remaining donor atoms give off their “excess” electrons to lower- 
lying acceptor levels at a temperature near absolute zero, so that 
\he number of negative acceptor ions becomes equal to the number of 


ne 
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positive donor ions. At Ng > Ng (Fig. 2.126), the number of accep- 
tor atoms ready to capture electrons from the valence band and 
leave behind holes, is equal to N, — Ny. The rest of acceptor atoms 
take in electrons from donor atoms at 7’ of about 0 K, with the result 
that the number of positive donor ions turns out to be equal to the 
number of negative acceptor atoms. 

The differences Ng — Nz and Ng — Ng are called effective con- 
centrations of respective impurities. In the further discussion, we 
shall denote these quantities just as 
N, and N, to avoid the introduction 
of special designations. Where total 
concentrations are essential, we shall 
make due reservations. 

If the same amounts of donor and 
acceptor impurities are introduced 
into an intrinsic semiconductor, all 
donor electrons will move to vacant 
acceptor levels at 7 slightly above 0K 
(Fig. 2.12c). So at any temperature 
the concentrations of free carriers in the 
conduction band and in the valence 
band of this semiconductor will be the 
Valence band same as in an intrinsic semiconductor. 
In the given case, however, in cont- 
rast to the intrinsic semiconductor, 
this semiconductor has a great amount 
Fig. 2.13. Capture and escape of donor and acceptor ions which 
os are semicon die have a certain influence on its pro- 
esas’ ry pur'Y  perties. Semiconductors in which the 

concentrations of donor and acceptor 
impurities are equal have received 
the name of compensated semiconductors. 

In conclusion, consider an example of an impurity noted for deep 
levels which lie close to the center of the bandgap (Fig. 2.13). The 
energy of activation in this case is rather high, so the atoms of such 
an impurity practically remain unionized and, hence, the con- 
centrations of free carriers do not change. Nevertheless, the role of 
deep levels may be very substantial. These levels represent the so- 
called traps, or trap centers, for mobile carriers. 

An electron that leaves an energy band and falls into a trap (solid 
arrows) stays on the trapping level for a definite time, called the 
relaxation time. The electron then either returns to the same band 
{dash arrows, variants 7 and 3) or moves to another energy band 
(dash lines, variants 2 and 4). The first process results in a slight 
temporary change of the number of free carriers, namely electrons 
in variant 7 or holes in variant 3. The second process involves either 


Conduction band 
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i two-step recombination (variant 2) or a two-step generation of an 
electron-hole pair (variant 4). There is a much higher probability of 
two-step than one-step transitions discussed earlier. That is why 
where the traps are present, the processes of generation-recomhina- 
tion proceed much more intensely and the lifetime of carriers proves 
much shorter. 

The capture of electrons in traps is typical for the surface of a 
““miconductor which is inherently rich in surface states (see 
Vig. 2.40d). Depending on the time of relaxation, surface states can 
lw either fast or slow. For the former states, the relaxation time is 
in the order of 10-8 s, and for the latter, the relaxation time can be 
vround 10-° s and even higher, up to a few seconds. 


2.4.3. Characteristic energies and levels. Thermodynamics makes 
use of the quantity &T to estimate the energy of elementary processes. 
Ilere 7 is the absolute temperature and é is the Boltzmann constant 
whose value is given in Table 2.2. The quantity kT is close in value 
'o the mean kinetic energy of free electrons (3/2k7), which is due to 
the random motion of these electrons in a solid. 

In electronics, the energy of electrons is estimated by the quantity 
ay. where @ is the potential difference that an electron passes through, 
und g is an elementary (electronic) charge whose value is given in 
Vable 2.2. The energy gp is commonly measured in electron-volts 


Table 2.2 


Basic Physical Constants Used in the Theory 
of Semiconductors 


Quantity Symbol, value, unit 


Elementary charge qg=1.602x10-9 C 
Mass of free electron m=9.109X10731 kg 
Planck constant h=6.62x10-34 Js 
Boltzmann constant k= 1.380 10723 J K-1 


Electric constant 

(permittivity of free space) &) =8.854x10-12 F m7! 
Magnetic constant 

(permeability of free space) Pp =4nX10-7 H m7} 
Avogadro number Na=6.022X 1023 mol-! 


(«\'). An electron-volt is the energy gained by an electron as it 
yaxses through a potential difference of 1 volt, and is equal to 

1.4, ~ 40778 joule. The energy expressed in eV is numerically equal 
‘u the corresponding potential difference. 
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In the theory of semiconductor devices, thermodynamic and 
electrical processes are closely interlinked. Since it is electrical 
processes that are of basic practical interest here, we shall express) 
the energy AT in eV, equating it to gp. One of the fundamental!’ 
quantities dealt with in semiconductor physics and engineering: 
follows from the equality kT = qq, and is known as thermal potential:: 


pr = kTlq = TIA 600 (2.4) 


It is useful to remember that at room temperature (T = 293 K), 
the thermal potential @; is approximately equal to 0.025 V or 
25 mV. 

As with the energy kT, we can express any other energy W on 
band diagrams in terms of the energy potential g, dividing W by q. 
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Fy, 2.14. Energy band diagrams for semiconductors at T+40K 
(a) intrinsic; (b) n-type; (c) p-type 


Let us denote the energy levels at the bottom of the conduction band 
and at the top of the valence band as g, and @, (where the subscripts 
c and v identify respectively the conduction and the valence band), 
and the difference between these levels—the width of the energy 
gap—as @, (Fig. 2.14): 


Peg = Ve — Pov (2.2) 


The bandgap width is one of the main parameters of semiconductors: 
it determines the energy required for the generation of electron- 
hole pairs. The typical values of this parameter lie between 0.2 and 
1.5 V (see Table 2.1). The values of @, above 2 or 3 V are specific to 
dielectrics, and below 0.1-0.05 V to semimetals. The bandgap width 
depends on temperature: 


Og = Peo — Esl (2.3) 


where @go is the bandgap width at absolute zero, e, (V/°C) is the 
temperature sensitivity, and 7 is the absolute temperature. For 
silicon, @gp = 1.21 V, eg = 3 x 10-* V/°C, and, hence, the room 
temperature value of @, is near 1.12 V. 
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The energy corresponding to the middle of the bandgap is des- 
eribed by the electrostatic potential of a semiconductor: 


Gx = 1/2 (Pe + Go) (2.4) 


This potential is often taken as the reference point for other 
«nergy potentials. 

It should be kept in mind that energy potentials define the energy 
of negatively charged particles (electrons), whereas “classical” 
electric potentials characterize the energy of positive charges. There- 
fore, any increments and, hence, gradients of electric and energy 
potentials are opposite in sign; correspondingly, the curves g, (z) 
nud q@ (x) are mirror images of each other. This condition should be 
given due consideration whenever the need arises to estimate the 
direction of the electric field in a semiconductor or use the Poisson 
equation. 


2.4.4. Distribution of carriers in energy bands. Energy bands con- 
tain a huge quantity of levels, from 10”? to 1073 in 1 cm®, and each 
level may have electrons. But the actual number of electrons depends 
on the concentration of donors and temperature (see Subsec. 2.4.2). 
In order to determine the actual concentration of carriers in a semi- 
conductor, we must know the distribution of levels and the probability 
of occupation of these levels. 

For classical semiconductors! the occupation probability for a 
level @ in the conduction band obeys the Mazwell-Boltzman distribu- 
tion function: 


= ao REO 
F,, (9) =exp (— =") (2.54) 
where @p is a potential characterizing the Fermi level, which is an 
«lectrochemical potential of the system of particles. This potential 
will be defined later in the book. Formally, the Fermi level is the 
«nergy level the occupation probability of which is equal to one 
half. 

The probability that an energy level in the valence band is empty 
(that there is a hole on this level) is determined by an analogous 
function: 


Fp () =exp ( ~22—* } (2.5b) 


Designate the density of levels in the conduction band near the 
level p as P (gp). Then, P (¢) dg will be the quantity of levels in the 


1 The classical (nenaegenencte) semiconductor is considered to be a semi- 
conductor having a small impurity concentration that is insufficient for the 
formation of impurity bands and degeneration of the semiconductor into a semi- 
metal. 
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region dg. Multiplying this quantity by the occupation pro- 
bability F, (@) gives the concentration of free carriers within the 
range of levels from @ to » + dg. The total concentration of free 
carriers, n, is found by integration over the entire width of the 


conduction band. If we assume that P (9) ~ Yq, then 


n=N,exp ( tee | (2.6a) 


Here N, is the effective density of levels (states) in the conduction band: 
N, = 0.5 x 1016 (m,,/m)8/ T5/? 


where m, is the effective mass of an electron. 
In a similar manner, we can obtain the expression for hole con- 


centration: 


p=N, exp ( — 45%) (2.60) 


Here N, is the effective density of levels in the valence band: 
N, =0.5 x 101° (m,/m)*? T3/? 


where m, is the effective mass of a hole. For silicon, the ratio 
N./N, = 2.8. For simplicity, N, is often taken equal to N,. 


2.4.5. Intrinsic concentration. Multiplying the left-hand sides 
and the right-hand sides of Eqs. (2.6) with regard to Eq. (2.2), it is 
easy to present the product of electron and hole concentrations in 
the form 

np = N.N, exp (—@¢/97) (2.7) 


It is clear that at a constant temperature the product of concentrations 
is constant too: an increase in the concentration of carriers of one type 
entails a decrease in the concentration of the other type. 

In an intrinsic semiconductor, electron and hole concentrations 
are exactly equal: both are denoted by n; and called intrinsic (carrier) 
concentrations, or densities. Substituting n = n; and p = n; into 
Eq. (2.7) and finding the square roof, we obtain the following expres- 
sion for intrinsic concentration: 


n= V NN exp (—e) (2.8) 


Note two major features of this expression. First, intrinsic con- 
centration is strongly dependent on the bandgap width. For example, at 
Pegi — Pgo = 0.2 V, the intrinsic concentrations will differ by a 
factor of e*, or about 55. It is exactly for this reason that n; in silicon 
is three ‘orders of magnitude smaller than in germanium (see 
Table 2.1). Second, intrinsic concentration is heavily dependent on 
temperature since 7 enters the exponent (the effect of temperature 
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dependence of N, and N, is negligiblele). Thus if p,/2p, = 20 and the 
absolute temperature rises by 5% (45°C with respect to room tem- 
perature), the intrinsic concentration increases by a factor of e, 
or about 3 times. It is easy to see that the effect of temperature in- 
creases as the bandgap widens. 

Relation (2.7) is often written in a more compact form, in terms 
of intrinsic concentration: 


np=n} (2.9) 


2.4.6. Fermi level. Using Eqs. (2.6) with due regard for Eq. (2.4) 
and assuming for simplicity that N. = N,, it is not difficult to 
present the electron-to-hole density ratio in the form: 


= __2(Gz— Gr) 
n/p =exp ( = ) (2.10) 

Substitute p = n3/n from (2.9) into the left side of (2.40) and take 
logarithms of both sides. We are now in a position to express the 
lormi level in terms of the free electron concentration: 


Or = Gz + Or In (n/nj) (2.11a) 


Substituting nm = nj/p from (2.9) into (2.10) gives the Fermi 
Jevel expressed in terms of the hole concentration: 


Gr = Pz — Or In (p/nj) (2.410). 


The second terms in the right sides of Eqs. (2.11), which characte- 
rize carrier densities, are called chemical potentials. The Fermi level 
ix thus the sum of the electrical and the chemical potential, hence, 
its name electrochemical potential. 

Expression (2.11) allows us to make the following conclusions: 

1. In intrinsic semiconductors, where n = p = n;, the Fermi 
level lies in the middle of the bandgap (see Fig. 2.14a). 

2. In electronic semiconductors, where n > n;, the Fermi level 
lies in the upper half of the bandgap; the higher the electron density, 
the higher the position of the Fermi level (see Fig. 2.14b). 

3. In hole semiconductors, where p > 7;, the Fermi level lies. 
in the lower half of the bandgap; the higher the hole density, the 
closer its position to the upper edge of the valence band (see 
Nig. 2.44c). 

4, As the temperature rises and an impurity semiconductor evenly 
changes into an intrinsic semiconductor (see Subsec. 2.4.2), the 
‘ormi level shifts to the middle of the bandgap. 

One of the fundamental conditions in the physics of semiconduc- 
tors runs as follows: the Fermi level is the same in all parts of an 
equilibrium system whatever its heterogeneity. This condition may be 
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expressed in the form of two equipotent relations: 
@r = constant, 
grad (pr) = 0 


The origin of these relations is explained in the next Subsection. 


2.4.7. Boltzmann’s equilibrium condition. Let the system under 
-discussion be a p-type semiconductor consisting of two regions which 
-differ in the concentration of holes. It is obvious that at the boundary 
(interface) between the two regions there is a concentration gradient 
and, hence, a chemical potential gradient, with the result that 
‘grad (pr) ~ 0. Such a system is nonequilibrium: the concentration 
gradient will cause holes to diffuse from the region of a higher con- 
‘centration into the region of a lower concentration. 

If holes were neutral particles, the process of diffusion would cul- 
minate in the equalization of hole densities. But since holes carry 
‘charges, the process develops in another manner. 

In the region that takes in holes a positive charge buildsup, whereas 
in the portion that loses holes a negative charge appears; this is due 
to immobile acceptor ions deprived of holes that balanced out their 
charge before. This gives rise to an electric field which inhibits the 
further diffusion of holes. In the end, the gradient of chemical 
potential becomes offset by the gradient of electrical potential and 
the resultant gradient of the Fermi level goes to zero. 

Such an equilibrium condition at which there exist both the 
concentration gradient and electric field but their effect is cancelled 
out and the directional motion of particles does not take place, is 
known as Boltzmann’s equilibrium condition. 

Boltzmann’s equilibrium is particularly evident in heterogeneous 
‘semiconductors exhibiting a uniformly distributed impurity con- 
centration. These semiconductors find widespread uses in transistor 
engineering and microelectronics. Assume that in a p-type semi- 
conductor the acceptor concentration smoothly varies along the 
z-axis. The hole concentration will then vary likewise. This means 
that at every point of the semiconductor there appears a hole con- 
centration gradient dp/dz. 

The concentration gradient can only be stationary in the presence 
of a counteracting electric field. Since the semiconductor does not 
experience the action of an external field, it must have an internal 
electric field. Consequently, specific to inhomogeneous semiconductors 
are internal electric fields. They result from a slight shift of the 
‘entire aggregate of majority carriers relative to the aggregate of 
impurity’ions which gave birth to these carriers. In other words, the 
‘electric fields are due to polarization of inhomogeneous semiconduc- 
tors; in this case, the basic part of a semiconductor, excluding thin 
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surface layers, may remain neutral, that is, may be free from bulk 
(space) charges (Fig. 2.15). 

It is easy to determine the internal field strength from the set of 
Kqs. (2.11). For a p-type semiconductor, differentiate both sides of 
liq. (2.41) with respect to x and allow for the fact that at equilibrium 
dg p/dx = 0. Then 

doz. dpldx 
“de $T p 

To pass from the energy potential @, to the electrical potential @, 
we must change the sign of gradient in the left-hand side of the 
expression (see p. 39). Since —dg/dr_ y, 
is the field strength, we have 


dp/dx 
Pp 


If the hole concentration drops al- 
ong the z-axis, then dp/dr <0 and 
the field E becomes negative (known 
as the brake field), which retards ho- 
les and thus contributes to establi- 
shing Boltzmann’s equilibrium. 


E=9r 


2.5. Electric Conductivity 





‘The movement of carriers in a semicon- 
ductor under the applied field is ter- 
med drift. The density of drift current Fig. 2.15. Distribution of con- 


is determined by the knownexpression centrations NV, and p, charge 
. density 4, and electric field E 
j=oE (2.12) in an inhomogeneous p-type 
‘ — semiconductor 
where o is conductivity. 


Since semiconductors have two types of mobile carrier, conduc- 
livity includes two components, an electron and a hole component: 


O = Qnin + IP Up (2.13) 


where p, and pp are the mobilities of respective carriers. 

The main component in Eq. (2.13) is that which is associated with 
majority carriers. The minority carrier component is generally 
insignificant. In an intrinsic semiconductor both components are 
almost equal in value. 

In order to evaluate conductivity and thus determine drift current, 
it is first necessary to know the concentrations of electrons and holes. 


2.5.1. Carrier concentration. There would seem to be an easy task 
to find the values of n and p using Eqs. (2.6). But for this we must 
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know the position of the Fermi level in the bandgap. Meanwhile, the 
Fermi level is a function of carrier concentration as is the chemical 
potential. So, before calculating the carrier concentration, we must 
determine the position of the Fermi level. This problem can be solved 
proceeding from the guiding condition of neutrality, which reads: 
in a homogeneous (or quasihomogeneous) semiconductor substantial 
bulk charges are nonexistent whether the semiconductor is in equilibrium 
or exposed to an externally applied field. 

The condition of neutrality is based on the phenomenon of di- 
electric relaxation which can be illustrated by the following examples. 
Assume that a local negative charge has appeared in an electronic 
semiconductor. The buildup of such an electronic charge entails the 
creation of a “clean-out” field which disperses the bunch of electrons 
instantly, in the order of 10-12 s. Let us now assume that a local 
positive charge had developed in the same semiconductor. The 
internal field produced in the semiconductor will cause electrons 
to move from neighboring regions into the charge region and neutra- 
lize the positive charge in the same length of time, 10-1” s. Conse- 
quently, in none of the cases can the bulk charge exist for a more or 
less long period of time. Based on the condition of neutrality, we 
may write the following relationship for an n-type semiconductor: 


n= N3+p (2.14) 


where N@ is the concentration of positive donor ions (keeping in 
mind that this is an effective concentration, see Subsec. 2.4.2). 
Expressing the hole concentration through the electron concentration 
with the aid of (2.9) and solving the resultant quadratic equation 
for n, we derive the equation for electron concentration: 


EMM a 
tn =V (=e) 4n4+ (2.15a) 


In a similar manner, we can determine the hole concentration in 
a p-type semiconductor: 


pp=V (AE) +nt+ 


Subscripts n and p identify semiconductors with the respective types 
of conductivity. 

The lower operating temperature limit of extrinsic semiconductors 
is the temperature of complete impurity ionization (from minus 70°C 
to minus 100°C for silicon) and the upper temperature limit is the 
critical temperature at which an extrinsic semiconductor becomes 
intrinsic (see p. 35). For this temperature range, the set of formulas 
(2.15) can be simplified if we replace the effective concentration of 
impurity ions. N*, by the effective concentration of impurity 


Na 
2 








(2.15d) 
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atoms, N (since over the operating range, practically all impurity 
atoms are ionized), and neglect the intrinsic concentration n; (since 
over the operating range, nm, is substantially lower than the impurity 
concentration). The concentration of majority carriers can then be 
written in the form 


n= Ng (2.16a) 

Pp=WNa (2.16d) 

The concentration of minority carriers is easy to determine resor- 
ting to relationship (2.9) 

Pn = n/N q (2.17) 

n, = ni/Na (2.17b) 


The critical temperature 7, can be found from Eq. (2.8) by 
setting n,; on the left of the expression equal to aN, where N is the 
impurity concentration. Taking the logs of both sides of the equation 
and using (2.1), we get 


Gg 
T er =5 800 in (VNNJan) (2.18) 

Since the effective densities of states, N, and N,, depend on tem- 
perature, as is obvious from Eqs. (2.6), the value of 7, has to be 
found by the method of successive approximations, starting with 
the calculation at room temperature (N, and N, at room temperature 
ure given in Table 2.4). 

As an example, set a at 0.1, N at 10! cm-, and take the remaining 
parameters for silicon from Table 2.1. In the second approximation 
we then find that T., is equal to about 330°C. The value of 7., 
(345°C) close to the calculated value can be determined by a semi- 
empirical formula 

T =273 (a5 —-1) (2.19) 
cr. 4.5-++ log p : 
where 0 is equal to 0.852 cm at N = 10'* cm-3. 

It is easy to see that 7.,, depends on impurity concentration: the 
Kreater the impurity concentration, the higher the critical temperature. 
Kesides, T., rises with an increased bandgap width. Indeed, the larger 
the value of @,, the smaller the intrinsic concentration n, [see 
Iq. (2.8)]; hence, a higher temperature is necessary for n; to become 
qual to extrinsic concentration. 

This condition offers an explanation of why wide-gap semiconductors 
attract much interest. A GaAs semiconductor, for example, can in 
principle make a suitable material for use in the fabrication of in- 
\ograted elements. Its bandgap width p, is 25% larger than that in 
silicon (see Table 2.4). This means that the absolute critical tem- 
perature for this material will be 25% higher, all other conditions 
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being equal. Thus at VN = 10'* cm~-® we find that 7,, is equal to 
about 540°C. Despite this important advantage, however, gallium 
arsenide has not become an alternative as regards the choice between 
this material and silicon. The fact is that the choice of a material for 
ICs depends on many characteristics rather than on one parameter 
only. 

From Eq. (2.17) it follows that at low temperatures the concen- 
tration of minority carriers is very small. Thus if Ng = 2 x 1017 cm-3, 
then at room temperature the hole density in silicon, according to 
Eq. (2.17a), is merely 2 000 cm-3, that is, 14 orders of magnitude less 
(!) than the electron density. But as the temperature increases, the 
minority-carrier density grows very fast, in proportion to n?, that 
is, incomparably faster than even the intrinsic-carrier density. Thus 
the growth of temperature by 50°C causes an increase in the minority- 
carrier density by approximately 3 orders of magnitude. 

The other factors such as light and various kinds of ionizing 
radiation have the same strong effect on the concentration of mino- 
rity carriers. Therefore in semiconductor devices and IC elements 
whose operation depends on minority carriers, these factors should be 
eliminated wherever possible. On the other hand, the effect of these 
factors can be turned to proper use in special applications, for 
example, in photosensitive devices and radiation dosimeters. 


2.5.2. Carrier mobility. As known, in free space electrons execute 
a uniformly accelerated motion on exposure to an electric field. 

In a solid, moving electrons continuously collide with crystal 
lattice sites, impurities, and defects, so they undergo what is called 
scattering. A uniformly accelerated motion of electrons in an electric 
field is only possible in short time intervals between collisions, when 
the electrons cover a free path. After every collision, an electron must, 
roughly speaking, gather speed anew. The mean drift velocity of 
electrons and holes proves to be quite a definite value, proportional 
to field strength: 

v= pE 

The proportionality factor p is the mobility of carriers, measured’ 
in cm?/V s. At afield strength of 1 V/cm, the mobility is numerically 
equal to the velocity of carriers. 

Since there is a difference in effective mass between the electrons 
and holes, the mobilities of these two types of carriers are different. 
The mobility of electrons is as arule higher than that of holes. In silicon, 
electrons have about 3 times the mobility of holes (see Table 2.4). 
The greater the mobility, or velocity of carriers, the higher the speed 
of response of a semiconductor device. 

This explains why materials that surpass silicon in carrier mobility 
arouse intense interest. But here too, as in the case of wide-band 
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semiconductors, one should avoid a biased approach when estimating 
the usefulness of such materials. For example, the electron mobility 
in indium antimonide, InSb, is tens of times higher than the elec- 
tron mobility in silicon (see Table 2.1). Nevertheless this material 
is unsuitable for ICs since it has a narrow bandgap and thus a rather 
low critical temperature, which in some cases drops below room 
temperature. 

Carrier mobility is a function of some factors, the most important 
heing temperature, impurity concentration, and field strength. These 
fuctors should be given due consideration in the development of 
xemiconductor devices and integrated elements. 

The dependence of carrier mobility on temperature is determined 
hy a particular mechanism of carrier scattering. If the prevailing 
mechanism of scattering is due to lat- 
tice vibrations, then fem{(V s) 


= (T,/T)e — (2.20a) 4400 —= 
Mo Mon (40 a Aa 


If the mechanism of scattering due 
‘0 impurity ions prevails, 000 


Mr=Bor (T/T)? (2.208) 


IIere, uo relates to an initial tem- 
perature 7), for example, room tem- 
perature; p relates to an arbitrary 
temperature 7, the subscripts L and 
/ refer respectively to lattice and im- 
purity mobilities, and the exponent c fe: 7 pos 
isa coefficient dependent on the ma- Ww" 10" 0" Nem 
\vrial proper and type of conductivity. 


lor n-type and p-type silicon, c is equ- Fig. 2.46. Carrier mobility in 
ltahout 5/0 silicon versus impurity concen- 
" : tration at T ~ 20°C 





The resultant mobility is close 
1o the lower of the two components, 
tr and wy. For silicon, ; proves smaller than py, at T >> 0°C, so the 
unction, p (7), is described by formula (2.20a): carrier mobility 
decreases with rising temperature. At T < minus 50°C, the component 
}', Lurns out to be smaller than w,, and thus the function, u (7), is 
escribed by formula (2.20b): carrier mobility drops off with decreasing 
lemperature. Over the operating temperature range from minus 60°C. 
tw plus 125°C the mobility of carriers may vary in magnitude by a 
{uctor of 4 or 5, which is of course substantial. The mobility-impurity 
concentration relation is complex (Fig. 2.16) and on the whole does 
not lend itself to analytic description. Of the two mobility components 
i}, and w,, the first is independent of impurity concentration, while 
\he second is proportional to N-?. Therefore, with low impurity con- 
centrations (V < 10*° cm-°), in which case 17 >> pz, the resultant 
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mobility is determined by the component ,, so that the u-N relation 
may be disregarded. In the most important region (N > 
> 2 x 10% cm-*), both components remain first comparable in 
value, then the component pu, becomes lower and thus determines 
the resultant mobility. For this range of concentrations, two appro- 


ximations are valid: 
= Uy (No/N)1/ (2.24a) 
= wo — Ap log (N/N5) (2.216) 


or 


In both approximations the values of up» correspond to tabulated 
data (that is, to low impurity concentrations) and the value of Ny 
is approximately equal to 2 x 101° cm~-®. The coefficient Ap in for- 
mula (2.21b) represents a change in mobility with an increase in 
concentration by a factor of 10. For n-type and p-type silicon, it is 
safe to assume that 


Au, = 400 cm?/V s, An, = 200 cm?/V s 


As is apparent from Fig. 2.16, the carrier mobility may change 
about tenfold in the range of impurity concentration from 10" to 
10° cm-3. This fact has particular significance in inhomogeneous 
semiconductors extensively used in ICs. However, the inclusion of 
the function pw (NM) in calculation formulas makes the equations 
nonlinear and hardly suitable for practical purposes. Therefore, for 
inhomogeneous semiconductors, one has to average the carrier 
mobility one way or another with the aid of formulas (2.21) and 
use constant averaged values in calculations. 

The carrier mobility-field strength relationship plays a specific 
part since, according to Eq. (2.12), it affects the current density- 
field strength relationship which turns nonlinear and, hence, the 
volt-ampere characteristic of a semiconductor will be nonlinear 
too. In other words, the function, w (E), leads to a violation of Ohm's 
luw in semiconductors. 

Theory and experiment show that in weak fields, where the field 
strength is lower than a certain critical value (E < E,,), the carrier 
mobility remains constant. The values of E,, are given in Table 2.1. 
in swpercritical conditions, at which E > E,,, the mobility depends 
on field strength in the following manner: 


B= Bo (Ecy/E (2.22) 


Here 4 corresponds to the critical field strength, that is, this value 
of mobility is a nominal value. 

From the physical standpoint, the critical field strength corresponds 
to a condition at which the transport (drift) velocity of carriers becomes 
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comparable to their random (thermal) velocity. That is why the “total” 
carrier velocity under supercritical conditions proves higher than the 
thermal velocity and, hence, the temperature of carriers is higher 
than that of the semiconductor and environment. 

Carriers having an increased temperature, that is, an energy com- 
parable to or exceeding a thermal energy of 3/2kT are called hot?. 
Since the energy kT is characterized by the thermal potential [see 
Ky. (2.4)] which reaches 25 mV at 7 ~ 300 K, carriers with an 
energy of 0.03 to 0.04 eV and above can be regarded as hot carriers 
ut room temperature. 

On colliding with phonons, hot carriers raise phonon energy and 
thus “heat up” the crystal lattice. This results in a new phenomenon 
culled carrier velocity saturation or in current saturation at sufficiently 
high voltages. In this case the speed of carriers no longer depends on 
field strength, and so the condition p (£) == constant becomes viable. 
Correspondingly, the p-E relation takes the form yp ~ £-1. Carrier 
velocity saturation generally occurs at E > 4E,,. 

The maximum, or limiting, speed of carriers, Vmax. is close to the 
mean thermal speed v,, and averages 107 cm s~!. More occurate values 
of Umax appear in Table 2.1. 


2.5.3. Conductivity. Rewrite common expression (2.13) for intrin- 
sic and extrinsic semiconductors. 
In an intrinsic semiconductor, n = p = n,, and, hence, 


0; = Qn; (Un + pp) (2.23) 


Taking from Table 2.4 the values of intrinsic-carrier concentration 
and mobility for silicon at room temperature, we get 6; 
ew 6 x 10-§ Q-) cm- and p; ~ 200 kQ cm. At this resistivity, a 4 
by 1 mm? intrinsic silicon wafer 0.3 mm thick will have a “transverse 
resistance” (normal to the surface) of about 0.5 MQ and “lateral 
resistance” (along the surface) of some 5 MQ. 

The intrinsic conductivity-temperature dependence is determined 
by the relation between the intrinsic concentration n; and tempera- 
ture [see Eq. (2.8)]. As noted earlier, this dependence is very strong 
and takes on an exponential form. Fig. 2.17a illustrates the function, 
u, (7-1) for silicon plotted to a semilog scale; it also shows the scale 
in degrees Celsius. It is seen that over the operating range from 
minus 60°C to plus 125°C the intrinsic conductivity of silicon varies 


! The mean thermal speed of particles in a solid is expressed as vp = 
-- V3 kT/m*, where m* is the effective mass. If we assume that m* = m 
and 7 = 300K, then vp ~ 10? cms-, 

2 A small quantity of hot electrons are always present in a solid body even 
in the absence of an electric field in view of the statistical distribution of elec- 
trons according to their energies. In supercritical conditions, the electrons with 
@ mean energy are hot. 
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by 5 orders of magnitude. In materials having a narrower energy gap 
(in germanium, for example), variations in o; are lower, though the 
values of o; by themselves will be greater because of a rather large 
intrinsic concentration [see description of Eq. (2.8)]. 

Disregarding the terms related to minority carriers in (2.13) 
and using the set of Eqs. (2.46), for n-type and p-type extrinsic 
semiconductors, we get 

On = WN abn (2.24a) 


oy = Natty (2.24b) 


Over the working temperature range, concentrations Nz and Ng 
may be assumed constant. In this temperature range, then, the 
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Fig. 2.17. Relative conductivity of silicon versus temperature; 0; and Oo are 
conductivities at -++-20°C 
(a) intrinsic silicon; (b) extrinsic silicon 


conductivity-temperature relation for an extrinsic semiconductor 
will be determined by the carrier mobility-temperature relation 
[see Eqs. (2.20)I. 

Figure 2.17b displays two plots of o/c, against 7-1 at various im- 
purity concentration (NV. >> N,) and also shows for comparison a 
dashed curve J which is a part of the function o; (T7~") presented in 
Fig. 2.17a. Points a represent critical temperatures [see Ey. (2.18)|, 
at which the extrinsic semiconductor becomes intrinsic, and there- 
fore to the left of points a the curves o pass into the dashed curve o;. 
Points b correspond to the temperature of impurity ionization: to the 
right of these points (that is, at lower temperatures), the concentra- 
tion of ionized impurity atoms diminishes and thus conductivity 
decreases. 

As seen, in the working range the conductivity of extrinsic semi- 
conductors is much more weakly dependent on temperature than 
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that of intrinsic semiconductors. Besides, the temperature depen- 
dence of extrinsic conductivity shows a “reverse” character: as the 
temperature rises, o decreases rather than grows. 

The dashed curve 2 is a plot of o versus 7-' for highly doped, 
degenerate semiconductors, where o varies very weakly with tem- 
perature. This attests to affinity between these semiconductors and 
metals and explains why they received the name semimetals. 


2.6. Carrier Recombination 


‘Lhe processes of generation and recombination are inseparable from 
tach other, though opposite in character. Recombination counter- 
ucts the process of carrier accumulation and establishes equilibrium 
carrier densities [see Eqs. (2.6)]. Also, recombination underlies 
fundamental relations (2.7) and (2.9) and determines the finite life- 
time of carriers—the parameter which is largely responsible for the 
transient time. 


2.6.1. Recombination mechanisms. The main types of recombi- 
nation are direct recombination and indirect recombination via impurity 
centers. 

Direct recombination, or band-to-band recombination, is the 
transition of an electron across the bandgap from the conduction 
hand to the valence band, where it occupies one of the empty levels 
and thus “eliminates” a hole. As it makes such a transition, the 
vlectron must certainly give up an energy gp, expended previously 
on its transfer from the valence to the conduction band. The electron 
releases this energy in the form of either a photon (the process being 
known as radiative recombination) or a phonon (nonradiative recom- 
bination). In most semiconductors, silicon included, the probability 
of radiative recombination is a few orders of magnitude smaller than 
that for nonradiative recombination. The reason is that as an elec- 
tron drops from the conduction band into the valence band, it must 
vive up not only its energy but also its momentum. Since a photon 
ix unable to accept any amount of momentum whatever, it is neces- 
nury that a third particle—phonon—should come into action, but 
xuch a combined process takes place on extremely rare occasions. 

Ilowever, the probability of nonradiative direct recombination in 
itself is very small too, since the comparatively large energy qq, 
(near 1 eV) can rarely convert into a single phonon, while its simul- 
tuncous distribution between two phonons is hardly probable. Thus 
direct recombination as a whole cannot be the main mechanism of 
recombination in semiconductors. 

I. is recombination via impurity centers that plays the main part 
in the recombination process. Under impurity centers we mean deep. 
levels, or traps, located near the center of the bandgap (see Fig. 2.13). 


ue 
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This is a consecutive type of recomhination that occurs in two steps. 
First, an electron falls from the conduction band into a trap level, 
and then down to the valence band. At each step the electron gives 
off an energy approaching 1/2gp, rather than the entire energy as 
is the case in direct recombination. This sharply raises the probability 
of energy transfer to a phonon and thus explains why this mechanism 
plays a prevailing role. 

Along with impurity atoms, various lattice defects can act as 
traps. For this reason, an increased rate of recombination is par- 
ticularly specific to polycrystals, in which all faces between indivi- 
dual grains are defects, and to surface layers of any single crystal 
semiconductor, where violations of the periodicity of a lattice and 
broken covalent bonds are inevitable. 


2.6.2. Equilibrium carrier recombination. The probability that 
an electron will directly recombine with one of the holes may be 
written in the form 

r= Oey 


where o., is the effective capture cross section, and vy is the mean 
thermal velocity of electrons'. The quantity r is called a recombina- 
tion coefficient (proportionality constant). Multiplying the coeffi- 
cient r by the hole density, we find the total probability of recom- 
bination of an electron in a unit time with any of the available 
holes. The reciprocal quantity is a mean time interval between the 
acts of recombination, that is, the mean lifetime of electrons in the 
direct recombination process: 


T, = I/rpo (2.25a) 
By reasoning in an analogous way, we determine the mean lifetime 
for holes: 

ty = t/rny (2.25b) 


In formulas (2.25) and elsewhere in this book the subscript “0” 
identifies equilibrium conditions. 

If we multiply the probability of recombination of one electron, 
rpg, by the electron concentration my), we shall obtain the total 
number of acts of recombination per unit time, that is, the rate of 
direct recombination: 

Ro = TNoPo (2.26) 


1 A stationary electron will obviously never run into a hole; the higher the 
Hage of an electron, the higher the probability of its “meeting” a hole. Asregards 
the capture cross section, this is a criterion which characterizes the volume 
around a hole from which an electron, once it has fallen into this volume, is 
unable to escape; the hole will thus inevitably draw the electron despite its 
inertia of motion. 
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From Eqs. (2.25) it is seen that the equilibrium lifetimes for 
electrons and holes sharply differ in the general case because of the 
difference between concentrations mg and py. Besides, the lifetime 
of minority carriers is always shorter than that of majority carriers. 

Replacing rn, in the right-hand side of Eq. (2.26) by 4/t, or rpg 
by 1/t,, we can write the recombination rate in one more widespread 
form: 

Ro = Poltp = No! th (2.27) 


2.6.3. Direct recombination. In a semiconductor found to be in 
a nonequilibrium state, free carrier concentrations differ from equilib- 
rium-carrier values: 

n=Mm,+ An (2.28a) 


P = Po + Ap (2.28) 


Nonequilibrium-carrier concentrations n and p may be larger or 
smaller than equilibrium concentrations (and thus signs affixed to 
An and Ap in Eqs. (2.28) may be both positive and negative). Incre- 
ments An and Ap are called excess concentrations, or densities. For a 
semiconductor to be electrically neutral, excess concentrations of 
electrons and holes must be equal: 


An =: Ap (2.29a) 


Moreover, with variations in excess concentrations, electrical neutra- 
lity must also remain unchanged. Hence, the equality condition for 
the rate of changes in concentration: 


dnidt = dp/dt (2.296) 


From Eqs. (2.29) it follows that there is no sense in analyzing separa- 
tely the behavior of excess electrons and excess holes because the functions 
An (t) and Ap (t) are identical. In the further discussion, therefore, 
we shall consider the behavior of excess electrons only. 

Suppose that for some reason or other the equality between the 
rates of generation and recombination has become upset. The elec- 
trons then will be stored up (or swept out) with a rate equal to the 
difference between the rates of generation and recombination: 


dnidt = g —r (np) (2.30) 


where g is the generation rate, and r (mp) is the recombination rate. 
Write the generation rate in the form 


g = 8 + Ag =r (MP0) + Ag (2.31) 


where gy is the equilibrium value equal to the equilibrium recom- 
bination rate [see Eq. (2.26)]. 
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Transform the recombination term in the right side of (2.30) 
by introducing Eqs. (2.28) and taking account of Eqs. (2.29): 


r (np) = r [mopy + An (mp + Po) + An?) 


By assuming An < np +: Po, we have ground to omit the term An? 
and thus linearize Eq. (2.30). Further, express the concentrations 
Ny and py in parentheses through lifetimes, using Eqs. (2.25). We get 


1 1 
r (np) =F (MoPo) + An (q-t=—} 
Last, introduce the equivalent lifetime t in the form of a relation 


eee (2.32) 


Tn tap 
The recombination rate will now take the form 
r (np) =r (mPo) + Anit 


Substituting into Eq. (2.30) the resultant expression of r (mp) 
and also that of the generation rate g from Eq. (2.31), we obtain 
the accumulation equation of excess carriers in the form 


dnidt = Ag — An/t (2.33) 

Setting Ag = 0, we get the recombination equation 
dnidt = —An/t (2.34) 
Solving the recombination equation gives the exponential function 
An (t) = An (0) exp (—t/t) (2.35) 


where An (0) is the initial excess concentration. Relation (2.35) 
permits us to determine the lifetime as a time interval during which 
the excess concentration decreases by a factor of e. 

From the structure of Eq. (2.32) it follows that the quantity T 
approaches the minimum of its two components tT, and Tp. So, the 
equivalent lifetime of excess carriers is determined by the lifetime of 
minority carriers. In n-type semiconductors, t ~ tp, and in p-type 
semiconductors, Tt ¥ T,. 


2.6.4. Trap recombination. With the trap mechanism of recom- 
bination, the recombination rate of excess carriers is described by 
the Shockley-Read formula: 


eS NP—NoPo 
dt ~  — (n-E nt) To + (P+ Pi) ta 220) 


Here n; and p; are parameters having the dimensions of concentra- 
tion, dependent on the distribution of trap levels in the bandgap’; 
1 The concentrations ny and p; are a few orders of magnitude lower than the 


concentration of majority carriers, but may be tens of times higher than the 
intrinsic concentration. 
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and tp and t, are minority carrier lifetimes: 
Tt = 1/r,N (2.374) 
ty = 1/r,N¢ (2.376) 


where NV, is the trap center concentration. 

Formula (2.36) has the same structure as Eqs. (2.25). In direct 
recombination, however, the lifetimes were different due to the diffe- 
rence in carrier concentration, but in the given case they differ on 
account of the difference between the recombination coefficients. 

Equating the right sides of Eq. (2.36) and Eq. (2.34), it is easy 
to determine the lifetime t. Substituting the values of n and p from 
Kgs. (2.28) with regard to Eq. (2.29a) and assuming An < ny + Po 
las has been done in deriving (Eq. 2.33)], we get 


notnte Pot Pt 
not Po es No+ Po : (2.38) 
For anelectronic semiconductor, t ~ T,,, as follows from Eq. (2.38), 
if inequalities my => po and ny > nz, Pp; characteristic of this semi- 
conductor type, hold good. For a p-type semiconductor, the condi- 
tions being the same, t = t,. This means that as with direct recom- 
bination, in the case of trap recombination, the lifetime of excess 
curriers depends on the lifetime of minority carriers. 
The lifetime-trap density relation follows from expressions (2.37): 
the higher the density of trap centers, the smaller the lifetime. 
To illustrate the relation between the lifetime and impurity con- 
centration, we consider an example of an n-type semiconductor in 
which the lifetime is determined by the first term on the right of 
Kq. (2.38): 
a notne 
CR aps (2.39) 
If the donor concentration is sufficiently high, my >> po, ny. The 
lifetime is then independent of impurity concentration: t ~ Tp. 
As the donor density falls off, the inequality n) > n; becomes upset 
und the lifetime grows. In the limit, when the donor density ap- 
proaches zero, the semiconductor goes intrinsic and the lifetime 
reaches a maximum: 
cw gt tp >t (2.40) 
Similar results can be obtained for a p-type semiconductor. The be- 
havior of the function t (N) is illustrated in Fig. 2.48a. As seen, 
in strongly doped semiconductors the carrier lifetime is shorter than in 
weakly doped and intrinsic semiconductors. 
The lifetime variation with temperature is attributed to a sharp 
ygrowth of the concentration n; by the law congruent to Eq. (2.8). 
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As the quantity n; becomes comparable to no, the lifetime starts to 
grow, and at n; > ny the function t (T) practically coincides with 
the exponential function n, (7). The growth in lifetime is no longer 
so fast as before near the critical temperature when the semiconductor 
turns to intrinsic. For an intrinsic semiconductor, the function t (7), 
as is clear from Eq. (2.40), has a decreasing rather than an increasing 


T/T T/T 
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Fig. 2.18, Carrier lifetime versus impurity concentration (a) and temperature (b) 


character, because the concentration n; rises slower than n;. 
Fig. 2.186 displays examples of the function t (7) at various con- 
centration levels. It is seen that the temperature dependence of lifetime 
is most noticeable for slightly doped semiconductors (for silicon with 
N < 1044-10" cm-3). In heavily doped (low-resistance) semicon- 
ductors, this dependence is of the secondary importance. 

It should be noted in conclusion that the typical lifetimes for 
silicon lie between 0.4 and 4 wus. In silicon specially doped with 
a trap impurity, commonly gold, the lifetime falls to 10 ns and below. 


2.6.5. Surface recombination. The recombination processes in the 
surface layer of a semiconductor do not in principle differ from those 
taking place in its bulk. But the surface is noted for a specific band 
structure (see Fig. 2.140d) and, hence, has quantitatively other para- 
meters than the bulk. This fact should not be ignored in analyzing 
and designing semiconductor devices and ICs, all the more so, as 
the active regions of ICs lie near the surface (see Fig. 1.3). Let us 
denote the surface lifetime as t,, and the bulk (volume) lifetime 
as Ty. 

If the working portion of an integrated element is entirely located 
in the surface layer or in the crystal bulk, then in the analysis we 
must use the parameter t, or t, respectively. If however the working 
region “comes out to the surface”, as is often the case, and thus lies 
partly in the surface layer and partly in the bulk, it is customary to 
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utilize the effective lifetime t, the expression for which has the form 
4/t = 1/1, 4- 1/t, (2.44): 


It is this parameter that serves as a lifetime criterion in the analysis. 
of transistors and other integrated elements. 

Since t, is generally smaller than tT, due to a high trap density near 
the surface, the effective lifetime more approximates t,. The latter 
quantity, however, is more difficult to calculate and measure than t,. 
lor this reason another parameter, called the surface recombination 
velocity s (cm s-*), has found widespread use for evaluating surface 
recombination, because this quantity is easier to measure than the- 
lifetime t,. The surface recombination velocity is heavily dependent 
on the method and quality of crystal surface treatment. Its typical 
values lie in the range from 100 to 10* cm s~? and above. 

The physical meaning of the parameter s is the following. If an 
xcess concentration of carriers appears near the surface layer, where: 
the recombination rate is higher than in the bulk, then a major portion 
of excess carriers will move to the surface to make up for the loss of 
carriers in the surface layer. Consequently, a flow of carriers appears 
hetween the bulk and surface, the speed of this flow being just the. 
parameter s. 

In the general case, it is difficult to establish the relation between 
the surface recombination velocity s and the surface lifetime T,. 
It has been possible to solve the problem only for two individual, 
though important cases: for a bar of infinite length and for a thin 
plate of thickness d and infinite area. For the latter case, most inter- 
txting from the practical point of view, the following relation holds: 


t, =: /4nD (2.42). 


where D is the diffusion constant for carriers (see Sec. 2.8) and y 
Ix a quantity definable by a transcendental equation 


yn tan y = sd/2D 
Where the condition s< D/d is valid, the s-t, relation passes. 
into an explicit relation: 
t, = d/ds (2.43): 
In practice, it is convenient to calculate the currents of excess. 
turriers moving from the bulk to the surface disregarding the param- 


wler Ty, since the relation between the current density due to this. 
taurrier transport and the surface recombination velocity is rather 


almple: 
i, = gsAn (2.44): 


(.enerally speaking, this current is parasitic and should be eliminat- 
wl by decreasing the surface recombination rate with any means: 
available. 
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2.7. Field Effect 


The field effect is a change in carrier concentration (and, hence, in 
conductivity) of the surface layer of a semiconductor on exposure to an 
electric field. The layer having an increased concentration of majority 
carriers in comparison with that in the bulk is called enriched, and 
the layer with a decreased majority-carrier concentration is known as 
a depletion layer. 


2.7.1. Nature of the field effect. Let voltage V be set up between 
a metal plate and semiconductor separated by a dielectric, air for 
example (Fig. 2.19). It is clear that in the metal-insulator-semicon- 
ductor (MIS) system, or MOS system, the flow of current is imposs- 
ible. This system is thus in equilibrium and represents a peculiar 
capacitor in which one of the plates is a semiconductor. This plate 
will store the same amount of charge as the metal plate. But, in 
distinction to the charge on the metal plate, the charge in the semicon- 
ductor does not concentrate on its surfa- 
ce but spreads to a certain depth into 
the crystal bulk. 

An electric field produced by the 
voltage V is distributed between the 
dielectric and semiconductor. The fi- 
eld Ey in the dielectric is constant 
g since space (bulk) charges in it are 
% nonexistent, while the field in the 
semiconductor is certainly variable, 
because there is a space charge which 
decays in the direction away from 
the surface deep into the semicon- 
Fig. 2.19. Field effect in a ductor. 

MOS structure The sign of charge in the semi- 

conductor depends on the polarity 
of applied voltage. With negative polarity (Fig. 2.19), the charge 
induced in the semiconductor will be positive. In a p-type semicon- 
ductor, the positive charge is due to holes pulled up to the surface; 
in an n-type semiconductor, the positive charge stems from donor 
ions while they lose charge-compensating electrons. 

The first case represents enrichment with and the second deple- 
tion of majority carriers in the surface layer. The reverse is true if 
we change the sign of applied voltage: in the n-type semiconductor 
the field will tend to enrich the surface with electrons, while in 
the p-type semiconductor the field will cause depletion of holes in 
the surface and “uncovering” of negative acceptor ions. 

The distance over which mobile charges can exist in an enriched 
layer is called the Debye length, and the length of influence of sta- 
tionary ion charges is called the depletion layer depth. The Debye 
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length is also defined as the depth of penetration of an electric field 
into a semiconductor, or, conversely, the distance of shielding of 
n semiconductor from an external electric field. We shall consider 
the Debye length and depletion Jayer depth in more detail in the 
further discussion. The enriched and depletion layers become thinner 
with an increase in the impurity concentration level and, hence, 
(n the density of majority carriers. To put it in other words, thin 
inyers are inherent in low-resistance semiconductors, and thick 
layers in high-resistance ones. 

If we assume that a potential in the semiconductor bulk is equal 
to zero, the potential on the surface will be different from zero owing 
to the presence of charges between the bulk and surface. The diffe- 
ronce in potentials between the surface and crystal bulk is termed 
the surface potential denoted by g, (see Fig. 2.19). 

It should be noted that in the absence of an external field, the 
surface potential does not drop to zero, but has a finite equilibrium 
value, @s9, Which is due to the presence of surface states that are 
able to capture or donate electrons for a comparatively long time 
(see p. 36). One more factor that influences the quantity q,o is a 
contact potential difference between the metal and semiconductor (see 
Subsec. 3.3.1). An external voltage required to compensate for the 
«quilibrium surface voltage is referred to as the flat-band voltage 
and denoted as Vy. 

We have mentioned earlier that the electric field spreads throug- 
hout the insulator and semiconductor. The field in the dielectric 
rises with a decreasing distance d until the dielectric breaks down. 
Hut even in a deep vacuum, where breakdown is impossible, the spac- 
(ng d cannot be arbitrarily small, since at d< 10 nm the dielectric 
turns out to be permeable to mobile carriers on account of the tunnel 
e/fect—one of the phenomena attributed to the wave nature of elect- 
rons. The tunnel effect shows up in that an electron of certain poten- 
tin] energy overcomes a barrier of much higher potential by piercing 
the barrier if the thickness of the latter is sufficiently small. The 
probability of tunneling is defined by an exponent, exp (—108d V ®), 
where @ is the barrier height, and d is the barrier thickness. This 
eeaered need be reckoned with at d in the order of 10 nm and 
wlow. As the tunnel! effect becomes a reality, the MIS structure 
ceases to be an analog of the capacitor: carrier exchange through 
the insulator causes the flow of current and thus disturbs the equilib- 
tlum state. The current flow tends to decrease the charges on the 
“plates” until they disappear completely as the metal comes in 
electric contact with the semiconductor. Then the common conduc- 
tlon current begins to pass through the system. 


2.7.2. General analysis. The distribution of a potential in the 
togion of a space charge may in principle be evaluated with Pois- 
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son’s one-dimensional equation: 


dp _ u 
am ee (2.45) 
where A is the density of charge, e, is the electric constant (see 
Table 2.2), and e is the relative permittivity of a semiconductor. 
In the general case the charge density in a semiconductor is writ- 


ten in the form 
4 = q(p+ Ni —n — N&) (2.46) 


where N& and N# are the concentrations of ionized impurities'. 

The concentration of free carriers on the right side of Eq. (2.46) 
is related to the electrostatic potential @,;. To analyze this relation, 
we shall use Eqs. (2.14). Assume that in the semiconductor bulk, 
where the charges and field are absent, the electron and hole con- 
centrations are equal to nm, and po, and the electrostatic potential 
is equal to @go. Denote the corresponding quantities near the surface 
simply as n, p, and gg. Substitute into Eq. (12.112) first the values 
of ny and @ xo and then of n and gg, and equate the right sides (since 
in the equilibrium system ~, = constant). We then get 


Gz — Qx0 = Fr In (n/n) 


Set for simplicity @z» = 0 (this condition corresponds to ground- 
ing of the semiconductor shown in Fig. 2.19). We can now express 
the concentration n in terms of gg: 


nN = Ny Exp (—Gz/G7r) (2.47a) 
Using Eq. (2.11b), it is likewise possible to express p in terms of gz: 
P = Po &XP (Px'Gr) (2.476) 


Change in Eqs. (2.47) the quantity @; for —q to pass from energy 
potential to electric potential (see p. 39). Substitute now the con- 
centrations m and p into the right side of (2.46) and then the charge 
density 4 into the Poisson equation. We obtain a nonlinear diffe- 
rential equation the analytic solution of which is generally nonexist- 
ent. But in two important individual cases, where there is a possibi- 
lity of disregarding the ionized impurity concentration (enriched 
layers) or free carrier concentration (depletion layers), analytic solu- 
tions are existent. Consider these cases below. 


2.7.3. Field effect in an intrinsic semiconductor. Substitute con- 
centrations given by Eqs. (2.47) into the right-hand side of Eq. (2.46) 
and replace g, for —q. Further, considering that the semiconductor 
is intrinsic, set np = py = ny and NG = NZ = 0. We are now in 


1 In deriving neutrality condition (2.14), we have set 4 = 0 and disregarded 
the concentration N* because under consideration was an n-type semiconductor. 
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a position to reduce the charge density to the form 
4 = —2gn, sinh (q/@z) 
Substitute this expression for A into the right side of Eq. (2.45). 
Divide then both sides of the equation by gr and introduce the di- 


mensionless variable D = g/q@y. Last, the Poisson equation takes 
the form 


emo 4 
Gat =F, sinh © (2.48) 
where 
Inp=Y Ser (2.49) 


is the Debye length in an intrinsic semiconductor. For silicon, lp; ~ 
~ 14 um. 

Consider the simplest case where | g, |< gr, that is | D | < 1. 
For the case in hand we may set sinh M ~ Q, and so Eq. (2.48) 
roduces to a linear differential first-order equation. For the boundary 
conditions, @ (co) = 0 and gq (0) = gs, the solution has the form 


g (x) & @s exp (—2/Ip:) (2.50) 


From Eq. (2.50) it follows that the Debye length is the distance 
over which the potential drops off by a factor e as against the maxim- 
um value of @, on the surface. 

Knowing the function g (z), it is easy to obtain the functions 
E (z), 4 (x), n (x), and p (x). Fig. 2.20 illustrates all these functions 
plotted for the same polarity of voltage as that shown in Fig. 2.19. 
It also displays the band diagram of a semiconductor, where the 
curve @p (z) and thus all other energy levels are mirror images of 
the curve @ (z), as noted earlier ou p. 39. Bending of energy bands 
near the semiconductor-insulator interface is a distinctive feature 
of the field effect. 

On reversing the polarity of applied voltage, the bulk charge will 
change in sign and the bands will bend now in the opposite direction, 
downward. Irrespective of the polarity of voltage applied, the surface 
layer in an intrinsic semiconductor will be rich in carriers, either 
{n electrons or in holes. 

‘The surface potential may be found by relying on the continuity 
condition of electric induction at the interface between the semicon- 
ductor and dielectric: 


e,E (0) = eg, (0) (2.514) 


where ¢€, and €g are the relative permittivities of the semiconductor 
and dielectric respectively. 
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The field in the dielectric is constant, and therefore (see Fig. 2.19) 
V—@Qs 
E4(0)=—* (2.51) 





The field in the semiconductor at the boundary of the dielectric is 
determined by the function 9 (z): 


E (0) = — 2 (0) (2.540) 


Omitting mathematic calculations, we represent the function os (V) 
in the form of curves shown in Fig. 2.21. From these curves it is seen 
that the surface potential gains a greater portion of applied voltage 


Fig. 2.20. Field effect in an intrin- 
sic semiconductor; band diagram and 
distribution of a potential, charge, 
and carrier concentrations 





| Fig. 2.21. Surface potential in an in- 


trinsic semiconductor as a function 
z ofinsulator thickness and voltage on 
| a metal electrode 
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with a decrease in the dielectric thickness (in the parameter a). 
At any real values of the dielectric thickness and applied voltage, 
the surface potential does not exceed a few tenths of a volt. 


2.7.4. Field effect in extrinsic semiconductors. What distingui- 
shes the field effect in impurity semiconductors from that in pure 
semiconductors is the possibility of producing both enriched and 
depletion layers. 
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The enhancement mode sets in where the polarity of applied voltage 
is such that the electric field pulls majority carriers to the surface. 
This case resembles the one shown in Fig. 2.20, but differs from the 
latter in a lesser amount of band bending (Fig. 2.22a). A smaller 
bend of band edges is due to the fact that an impurity semiconductor 
is rich in mobile carriers, so even a minor surface potential is enough 
to ensure the required charge near the surface. 

Given the condition g,< 2,7, the potential in an extrinsic 
xomiconductor is described by Eq. (2.50), but the Debye length has 


the form 
ay Sette (2.52) 


where WN is the concentration of an ionized impurity (either donor 
or acceptor). 

Since N >> 7n,, the Debye length in impurity semiconductors is 
much smaller than in intrinsic semiconductors. Besides, it does not 





(@) 





Fig. 2.22. Field effect in extrinsic semiconductors 
(a) enhancement mode; (b) depletion mode; (c) formation of an inversion layer 


practically depend on the material. Assuming N =: 10° cm-3, 
from Eq. (2.52) we find the typical value of Jp which is equal to 
about 0.04 um. As seen, the field penetrates extrinsic semiconductors 
to an insignificant depth. 

If we apply (2.52) to metals, though this is not totally warrantable, 
we can find that with huge free carrier concentrations (107? to 
10°? cm-%) inherent in metals, the Debye length Jp spans a range 
merely within tenths of a nanometer, which is equal to 1 or 2 atomic 
xpacings. This estimate is a good illustration of the fact that charges 
in a metal always gather on the surface, and both charges and an 
lectric field are not found inside the metal. 

At a sufficiently large voltage, the surface potential rises so heavily 
that the Fermi level in the surface region will be found to lie within 
one of the energy bands (in the valence band in Fig. 2.22a). In this 
region the semiconductor degenerates and converts to a semimetal. 
The boundary portion of the MOS system thus changes to a metal- 
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insulator (oxide)-semimetal system which represents an ordinary 
capacitor; the main part of the semiconductor is equivalent to a re- 
‘sistor connected in series with the capacitor. Since the voltage drop 
in the semimetallic layer is negligible, the surface potential does 
not vary any longer and remains close in value to @,m at which the 
semimetal has formed. 

The depletion mode sets in under such a polarity of applied voltage 
that causes the majority carriers to repel from the surface. In this 
case the surface potential can be much larger in value than when 
the enhancement process takes place (Fig. 2.22). As mentioned ear- 
lier, repulsion of majority carriers leads to the appearance of an 
uncompensated space charge of impurity ions. 

Suppose the depletion layer has a sharp boundary a distance ly 
from the surface. Set the space charge density in the depletion layer 
constant and equal to gN, where WN is the ionized impurity concentra- 
tion. Substituting the quantity 4 = qgN in Poisson’s equation (2.45) 
and using the boundary values, E (1,5) = 0 and @ (ly) = 0, we get 
after double integration: 


a 
P= Fee (&— bo)? 


Setting c = 0 and @ (0) = q,, from this equation we find the length 
(thickness) of the depletion layer: 


h=Y Aetgel (2.53) 


Though the structure of Eqs. (2.53) and (2.52) is the same, there is 
a substantial difference between these expressions: the Debye length 
only depends on the properties of a material, while the thickness 
of the space charge also depends on the applied voltage since it 
determines the potential g, (see Fig. 2.21). The quantity /, is com- 
monly a few times as large as the quantity lp. 

As the voltage rises, the field continues sweeping away majority 
‘carriers (causing the depletion layer to widen), but at the same time 
minority carriers are being pulled over to the surface. When the 
minority carrier charge exceeds the charge of the remaining majority 
carriers, the conductivity type of the surface iayer changes. This pheno- 
menon is known as inversion of the conductivity type, and the layer 
formed by minority carriers as inversion layer (Fig. 2.22c). 

From the standpoint of band theory, the formation of an inversion 
layer is due to the fact that near the surface the electrostatic poten- 
tial level crosses the Fermi level. In the surface layer, therefore, 
the Fermi level shifts to that half of the band-gap where minority 
carriers prevail. The thickness of an inversion layer comes to merely 4 
or 2 nm, or 3 or 4 lattice constants. 
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From Fig. 2.22c it is obvious that the inversion layer forms at 
a surface potential—(p, — xo). A yet higher rise in external volt- 
age entails a further increase of the potential m, until the Fermi 
level crosses over the boundary of an energy band (valence band 
in Fig. 2.22c). The boundary layer then turns to a semimetal, while 
the potential @, practically stops to vary (see p. 64) and remains 


equal to 
Pr. = —2 (Pr — PxD) (2.54) 


The maximum value of surface potential commonly ranges from 
0.6 to 1.0 V. 
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In the general case, charge carrier transport results from two proces- 
ses: diffusion due to the concentration gradient and drift due to the 
tlectric potential gradient. Since there are two types of carrier, 
electrons and holes, the total current comprises four components: 


7 = (Uin)ar + (Uindait + Uip)ar + (ip) ait (2.55) 


where subscripts “dr” and “dif” relate to drift and diffusion compo- 
nents respectively. 

In the analysis of transistor behavior, it is more convenient to use 
current densities j, as we have done in Eq. (2.55), rather than cur- 
rents. However, for bravity we shall call the quantity j just current 
where this term cannot cause misunderstanding. 


2.8.1. Current components. For the one-dimensional case', where 
the motion of carriers occurs only along the z-axis, the electron and 
hole drift current densities are given by 


(in)ar = Qnpn»EL == —qnp, (09/02) (2.56a) 
(ip)ar = QPUpE = —Qppp (0G/dz) (2.566) 


For diffusion current densities, one must use chemical potential 
gradients of respective carriers instead of electric potential gradients. 
Chemical potentials are the second terms on the right of Eqs. (2.11). 
Differentiate these terms with respect to x and substitute into ex- 
pressions (2.56) the found values for EF. The diffusion currents will 
then be described by 


, d d 
(in)ais = Wn Pr Ge = 9Dn (2.57a) 
for electrons, and by 
é d d 
(ip)att = — Wr ge = — 9D p> (2.576) 


1 The subsections that follow will deal only with one-dimensional processes. 
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for holes, where D,, and D, are the diffusion constants for electrons 
and holes respectively. These quantities play the same role in the 
diffusion process as the mobilities in the drift process. The diffusion 
constants and mobilities are connected by the Hinstein relationship: 


D = orp (2.58) 


The values of diffusion constants are given in Table 2.1. 

From the comparison of Eqs. (2.56) with Eqs. (2.57), we can infer 
that drift current components are proportional to carrier concentra- 
tions, whereas diffusion current components are independent of 
carrier concentrations and are only the functions of concentration 
gradients. 


2.8.2. Continuity equations, Expressions (2.56) and (2.57) say 
that for the estimation of total current [see Eq. (2.55)], we must know 
concentration distribution functions n (x) and p (z), apart from the 
potential distribution function q (z). 

In the general case, concentrations depend not only on the coordi- 
nates but also on time: in other words, we have to deal with the 
functions of two variables: n (z, t) and p (2, t). These functions are 
the solutions of the so-called continuity equations for carrier flows. 
For electron and hole densities, the continuity equations have the 
form 


d — Loge ps 
= Ae — at te div (in) (2.59a) 
a _— Weipa ay 


where n — ny = An and p — py = Ap are excess concentrations 
[see Eqs. (2.28)], Ag is the rate of carrier generation by external 
influences such as light, and 1 is the lifetime of excess carriers. 

It is easy to see that the continuity equations generalize the carrier 
accumulation equation (2.33) derived in the analysis of recombina- 
tion processes. The extension of (2.33) involves the inclusion in its 
right-hand side of one more factor that changes the concentration 
in the presence of current, namely, flow vector divergence j/g, along 
with generation and recombination terms. 

For the one-dimensional case 


div (=) ats 3 


If we perform this operation for all four current components describ- 
ed by Eqs. (2.56) and (2.57), substitute the found values into (2.59), 
and omit the generation term Ag, the continuity equations will take 
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on the form 
a = 0E 
a ee Lm + pi 2 a Pri ei + AP, ae (2.602) 
é OE 
Gea PGA Dp Ee Wek Ge Pit Ge (2.606) 


The last terms on the right of Eqs. (2.60) allow for space charges 
present in a semiconductor. It should be noted in passing that in 
the presence of space charges, one has to make use of Poisson’s 
equation (2.45) along with continuity equations, in performing the 
analysis. Under the conditions of neutrality the last terms are ab- 
sent. The third terms are independent of bulk charges; the inclusion 
of these terms is necessary in a number of cases, for instance, where 
semiconductors exhibit a built-in electric field, which is typical of 
inhomogeneous semiconductors (see p. 42). 

If the electric field is absent or its influence is negligibly small, 
we can set E = 0 and thus simplify the general continuity equations; 





On n—n on 

ieee a oe G8i4) 
7] 

P= Ph Pah p, 22 S (2.648) 


These are diffusion equations which find wide use in the analysis of 
semiconductor devices. 


2.8.3. Carrier diffusion. Let a scattered beam of light fall on the 
surface of a semiconductor (Fig. 2.23). The light penetrating a thin 
surface layer causes generation of ele- 
clron-hole pairs in the region of inf- 
luence. This gives rise to electron and 
hole concentration gradients between 
the surface and crystal bulk, so that 
excess carriers will start diffusing into 
the bulk of the semiconductor. Such 
n joint motion of both types of carri- 
er is called bipolar or ambipolar diffu- 
s10n. 

If the mobilities and thus diffusion 
constants for electrons and holes were 
the same, the carriers of both types 





would move as a single neutral flow. Pee earn Bipeleescrsusioas 


In reality carriers differ in mobility, 

therefore the electron flow tends to outrun the hole flow. A slight 
mutual shift of the flows results in a small space charge and an 
slectric field which impedes the electron flow and accelerates the 
hole flow. In the end, the process comes to a steady state: excess 
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electrons and holes gather in “clouds” shifted one relative to the 
other. These clouds move in step, and so the resultant current is 
absent. The carrier density in clouds decreases in the direction 
away from the surface on account of recombination. 

'’ The described phenomenon is known as the Dember effect, and the 
electric field and potential difference typical of this effect as the 
Dember field and Dember voltage. 
This effect is rather strong only 
at large excess densities and large 
resistivities of semiconductors. 

It is monopolar diffusion that 
finds most extensive practical use?. 
Characteristic of monopolar diffusi- 
on is the enrichment of the surface 
layer with carriers of only one 
type, minority carriers (Fig. 2.24). 
The process of minority carrier in- 
troduction into the surface layer 
by an appropriate method is 
known as injection. 

Assume for clarity that the injec- 
tion process involves the introd- 
uction of electrons into a p-type 
—— semiconductor. The injected elect- 
Ohmic field rons will diffuse into the crystal 
‘vember field bulk owing to the gradient in con- 
é centration, and thus the flow of 
electrons will appear in the semicon- 
ductor. The charge of excess ele- 
ctrons will practically be balanced 
at an instant (for the dielectric relaxation time, see p. 44) by the 
equivalent charge of holes pulled from deep layers. As a result, near 
the surface of injection there appears a quasineutral electron-hole 
cloud almost identical to the cloud produced in bipolar diffusion. 
Despite this formal similarity of clouds, monopolar diffusion prin- 
cipally differs from bipolar diffusion by the following features. 

4. The presence of current suggests that the semiconductor is an 
element of a closed circuit: hence, along with the Dember field con- 
centrated near the injection surface, there is an ordinary ohmic field 
in the crystal bulk set up by the applied voltage (see Fig. 2.24). 

2. Electrons and holes travel in opposite directions: electrons move 
into the crystal bulk, while holes head for the injection surface to 
reach the region of the electron-hole cloud, where intensive recombi- 

4 






Fig. 2.24. Monopolar diffusion; 
carrier injection 


1 Since monopolar diffusion is a widespread phenomenon, it is common to 
emit the modifier “monopolar”. 
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nation takes place and there is a need for replenishment with new 
majority carriers. 

3. The total current keeps constant, while its electron and hole 
components vary in opposite directions: farther away from the sur- 
face, the electron current decays because of recombination, whereas 
the hole current grows. That is why the hole component plays the 
main role rather far from the surface and displays a purely drift cha- 
racter, since the holes travel in the field produced by the external 
voltage. On the contrary, in the immediate vicinity to the surface, 
the current is almost purely electronic which results from the diffu- 
sion process, because the field strength here is close to zero (see 
Fig. 2.24). 

The problem in the distribution of carriers during the diffusion 
process is difficult to solve accurately. This problem is usually 
solved in a “diffusion” approximation for low excess concentrations, 
or what is said low injection levels. 

The diffusion approximation implies the use of diffusion equations 
(2.61), though, as is known, the electric field is present in a semi- 
conductor. In each concrete case one must assess whether or not the 
diffusion approximation is valid. 

The injection level is the ratio of the excess carrier concentration 
to the equilibrium majority-carrier concentration, or, which is the 
same, to the impurity concentration: 


8 = An/N (2.62) 


A low injection level is considered to be the level whose value is 
much smaller than unity. In this case the inequality 


An & Ny + Po (2.63) 


holds true. We have used this inequality earlier in deriving Eqs. (2.32) 
ind (2.38). The condition for a low injection level ensures the linea- 
rity of diffusion equations. Under the conditions of neutrality, 
An is approximately equal to Ap, therefore Eqs. (2.62) and (2.63) 
ure valid for both types of carrier. 


2.8.4, Analysis of diffusion processes. If only excess carriers are, of 
Interest, as is indeed so in most cases, then it is enough to use one 
of the two diffusion equations, since the other gives the same result 
on account of the neutrality condition, An ~ Ap. In reality the 
functions An (x) and Ap (x) differ somewhat because of the difference 
between the diffusion constants D, and D,, that is, as a result of 
the Dember effect. The diffusion approximation, however, disregards 
vlectric fields, including the Dember field. 

rind the excess concentration from Eq. (2.61a). For this, substitute 
" = My + An and omit the subscript nm in the diffusion constant. 
Noxt, devide both sides of the equation by D. The diffusion equation 
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will then take the form 
62 (An) An 4 0(An) 
Ox? lL? Dat (2.64) 


A steady-state variant of the equation results if we set 0(An)/dt 
equal to zero: 








d(An)_ An _9 
dz? Lo 





(2.65) 
The quantity Z entering Eqs. (2.64) and (2.65) is given by 


L=V Dt (2.66) 


This quantity is a mean diffusion length which defines the average 
distance to which the minority carriers can diffuse during their 
An(z) 
An) 





Fig. 2.25. Stationary distribution of excess carriers in diffusion (2) and extrac- 
tion (b) 


lifetime. The ratio L/+ is the mean rate of carrier diffusion. The diffu- 
sion length is one of the fundamental quantities in semiconductor 
physics and technology. The typical values of ZL for silicon range 
from 5 to 20 um depending on the life-time. 

The steady-state equation (2.65) is an ordinary linear second-order 
equation. Its solution represents a sum of the exponents: 


An (x) = A, exp (z/L) + A, exp (—-2/L) (2.67) 


where coefficients A, and A, are determined from boundary condi- 
tions. Assume An (co) = 0, in other words, suppose that in a semi- 
conductor portion, a certain distance away from the injection surface, 
the excess concentrations are absent and this portion of semiconduc- 
tors is in equilibrium. At such a boundary condition, A, = 0. 
Setting z = 0, we get 4, = An (0); consequently, the distribution 
of excess concentration takes an exponential form (Fig. 2.25a): 


‘ An (x) = An (0) exp (—z/L) (2.68) 


From this expression and Fig. 2.25a it follows that within the diffu- 
sion length the excess concentration decreases by a factor of e. In 
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the region 3 LZ or 4 L long the concentration drops off by a factor 
of 20 to 50 and thus becomes negligible in comparison with the 
boundary concentration. 
By differentiating Eq. (2.68), we obtain the gradient in concentra- 
tion: 
d(A An (0 
An) — — 48) oxy (—2i/L) (2.692) 
As seen, the concentration gradient and thus the diffusion current 
decays in the direction away from the surface into the depth of the 
semiconductor. The gradient is at a maximum at x = 0), that is, 
on the surface of injection: 
d(An) _  An(O) 
de |xxo #L (2.696) 
The transient equation (2.64) is a linear differential equation of 
the second order in partial derivatives. A few methods are applicable 
for its solution. In technical practice the Laplasian operator method 
is most popular. 
With the operator method, the time function, which is An (z, t) 
in our case of interest, is replaced by the Laplace transform An (z, 8s), 
and the time derivative by the quantity 


s [An (x, 8) — An (z)1<0] (2.70) 


where s is the Laplacian operator!. In solving an operational equa- 
tion, we take the operator as an algebraic factor and find the trans- 
form of the sought-for function An (x, ¢). This function (the original 
function corresponding to the transform) can in most cases be obtain- 
od from special tables. 

Assume that initially a semiconductor stays in equilibrium. Based 
on this assumption, we can set An (x) = 0 in (2.70). Changing the 
derivative 0 (An)/dt in the right side of (2.64) for its transform sAn 
gives an ordinary differential equation 

d? (An) 

dz? 
Next multiply and divide its right side by t, replace the product Dt 
by Z* in accordance with Eq. (2.66), and combine the terms with An. 
As a result we derive a differential equation in the operator form 








4 
—sy An=> An 


d(A 1 
Se) _ SESE An =0 (2.744) 
This same expression can be written in a more illustrative form: 
d? (An) An _ 
“aa ey (2.716) 


1 Here and elsewhere in this book we shall designate the Laplacian as s 
rather than as the commonly accepted symbol p to avoid confusion with the 
designation of hole density. 
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where L (s) is the operational diffusion length: 


L(s)= (2.72) 


eee lies 
V t-+st 
Since the form of Eq. (2.71) is the same as that of Eq. (2.65), the 
solution of both must formally coincide: 


An (zx, 8) = An (0) exp [—2/L (s)} (2.78) 


This is the Laplace transform of the sought-for function An (z, ¢). 
The function itself (the original function of this transform) need be 
found from correspondence (operator) tables. 

The diffusion length in operator form is merely a symbol of the 
mathematic operation, inseparable from Eqs. (2.71). Therefore, 


LO) ert (6) 


Fig. 2.26. Error function and its ap- 
proximation (dash line) 





strictly speaking, the original time function, L (t), cannot be employ- 
ed as an independent quantity. Nevertheless this function proves 
useful for purely qualitative estimations. 

From operator tables it follows that the original time function 
of the transform given by (2.72) takes the form 


L (t) = Lerf (t/t) (2.74) 
where erf (t/t) is the error function expressed as 
8 


erf (0 “SS | e-8 dé 


Its derivative has the form (2//x) e-®. A complementary error 
function is the function erfc (0) = 1 — erf (6). Its derivative differs 
only in sign. The graph of the error function appears in Fig. 2.26. 
For comparison, the figure also illustrates the elementary function 
1 —- e~®, shown as a dash line, which resembles the error function 
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in shape but is less steep. It is safe to say that the diffusion length 
increases approximately in an exponential manner with a time 
constant somewhat smaller than tT. 

The qualitative conclusions relating to the transient process are 
the following. 

At the start, when L (0) =: 0, the concentration gradient near the 
surface of injection, according to Eq. (2.69b), proves infinite and, 
hence, excess carriers diffuse in the crystal at a great velocity. As the 
quantity Z (t) rises, the concentration gradient of the surface gets 


Fig. 2.27. Distribution of injected 
carriers during the transient 





lower and the diffusion rate progressively decreases. Finally, at 
t = 2t, the steady state sets in. Based on these considerations, it 
has been possible to plot typical concentration distribution curves 
for a few moments of the transient (Fig. 2.27). 

To this point the excess concentration An has been considered 
positive since injection results in additional carriers. However, the 
reverse process is possible, in which a part of equilibrium carriers 
are drawn from the surface layer. Such a process is called extraction. 

The excess concentration in the case of extraction will obviously 
be negative (see Fig. 2.25b) because the quantity of carriers decreases 
in comparison with that typical for the equilibrium state. Besides 
the process of extraction gives rise to the concentration gradient 
of the other sign than would be found in the injection process since 
the flow of minority carriers is directed to the surface rather than 
into the crystal bulk. An important feature of extraction as against 
injection is the fact that the excess concentration cannot exceed the 
equilibrium concentration of minority carriers, ny in Fig. 2.25b. 


2.8.5. Combined motion of carriers. If the injection of carriers oc- 
curs in an inhomogeneous semiconductor which has an internal electric 
field (see Subsec. 2.4.7) the diffusion of carriers will add to carrier 
drift to effect a combined carrier motion. For the analysis of this case, 
we would have, generally speaking, to utilize continuity equations 
(2.60), which presents considerable difficulties. But since in practice 
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one commonly has to deal with a uniform field E = constant, the 
problem becomes much simpler. 

In most inhomogeneous semiconductors employed in microelectro- 
nics, the law of impurity distribution approaches the exponential] 
function (see Sec. 6.5): 


N (x) =N (0) e%/En (2.75) 


Here the coordinate x is counted off from the surface. The quantity 
Ly is a mean depth of doping (at a distance Ly from the surface, the 
impurity concentration decreases by a factor of e). 

Assuming that majority carriers, holes for example, obey the same 
jaw of distribution as impurity atoms, we get 


p(z)=p(0)e*/*n (2.76) 


In Subsec. 2.4.7 we have given the expression for the internal field 
strength in an inhomogeneous p-type semiconductor: 


E=or spite 


Substitute the concentration given Me Eq. (2.76) and its derivative 
in this expression. The field strength expression then takes the form 


Thus, in semiconductors exhibiting the exponential distribution of 
impurities, the electric field is uniform, E = constant. We shall rely 
on this deduction in analyzing the combined motion of carriers. 

Since space charges in the region of a uniform field are absent, we 
should set 0E/@x = 0 in Eqs. (2.60). For the same reason we can 
regard the semiconductor under analysis as being neutral and thus 
assume that excess concentrations An and Ap are equal. In this con- 
nection, it becomes possible to use one of the continuity equations, 
as we have done earlier. Assuming the semiconductor is the p-type, 
take Eq. (2.60a) for minority carriers, electrons. Last, we restrict 
ourselves to steady-state conditions and thus put 0n/dt = 0. Keep- 
ing in mind the above stipulations, divide both sides of Eq. (2.60a) 
by D having regard to Eq. (2.58). The expression then reduces to 
the form 

d@(An) | E d(An) An 

dz? nares dz == 


Introduce the dimensionless field-form factor that defines the field 
strength £: 


E 
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Using this factor, we obtain the differential equation of the form 





d? (An) @ d(An) An _ 

ge ae ee (2.79) 

The solution to Eq. (2.79) will be the same in form as Eq. (2.68): 
An (2) == An (0) e7*/% (2.80) 


but the diffusion length here is replaced by the quantity 
(2.81) 


L 
VE+I+e 

Formula (2.84) is derived for a p-type semiconductor in which 
the minority carriers are electrons. For an n-type semiconductor 
whose minority carriers are holes, a minus sign in front of 6 must 
stand in the denominator of Eq. (2.81). 

The quantity Z is called the depth of pulling. In the combined 
motion of carriers, this quantity plays the same part as the diffusion 
length in purely diffusion carrier transport. But these two paramet- 
ors differ in value; namely, in an accelerating field (for electrons 
this means that E <0 and 6< 0), & > L, and thus carriers pen- 
wtrate deeper into the crystal than in the absence of the field. In 
a brake field, on the contrary, £ < L, and carriers move to a smaller 
depth. 

For almost purely diffusion motion, 6 must be smaller than 0.2 
or 0.3, and for almost purely drift motion, 8 must be larger than 2 
or 3. 


Chapter SEMICONDUCTOR JUNCTIONS 
3 AND CONTACTS 


3.1. General 


Hlomogeneous semiconductors and semiconductor layers find rather 
limited uses, mainly as resistors of various types. The basic integrat- 
ed elements and the major range of discrete semiconductor devices 
generally have inhomogeneous structures. Two important variants 
of these structures are a pn junction (contact between two semicon- 
ductors of different conductivity types) and an MS structure (metal- 
semiconductor contact, or junction). 

This chapter considers most thoroughly pn junctions since they 
form the basis of modern microelectronics, and also MS junctions 
capable of serving the functions of both diodes and conventional] oh- 
mic contacts. The latter are inevitably present in any semiconductor 
device and IC. The last section of this Chapter covers the phenomena 
that appear at the contact between a semiconductor and an insulator, 
primarily between silicon and silica (silicon dioxide). These pheno- 
mena exert an influence on the characteristics of pn junctions and 
especially do so when using the field effect. 


3.2. Electron-Hole Junctions 


A combination of two semiconductor layers with different types of 
conductivity (Fig. 3.1a) exhibits rectifying or gating properties: 
such a Structure allows the current to pass through more readily in 





pn junction 7 
—_ 
q + S — 
Metallurgical 
houndary 
(a) (b) 


Fig. 3.1. Semiconductor diode 
(a) simplified structure; (b) graphical symbol of diode 


one direction than in the other. The polarity of voltage at which 
large currents flow through the system is called forward, and the 
opposite polarity that causes the flow of small currents is termed 
reverse. The common terms for voltages and currents here are forward 
and reverse (bias) voltages and forward and reverse currents. 

Owing to its rectifying poperty, the structure being considered 
can serve as a semiconductor diode. Fig. 3.46 illustrates the graphi- 


3.2. Electron-Hole Junctions 77 


cal symbol for a diode with the direction of forward current and the 
polarity of forward voltage. 

The surface over which the p- and n-layer come in contact is called 
n metallurgical boundary, and the adjacent region of space charges 
is known as an electron-hole junction, or pn junction'. The other 
two (external) contacts in the diode do not exhibit rectification 
properties, and therefore are called ohmic. 


3.2.1. Structure of a pn junction. Electron-hole junctions fall 
Into two large classes according to the degree of abruptness of the 
metallurgical boundary and the relation between the resistivities 
of n-type and p-type layers. 

An abrupt (step) junction is the junction with an ideal boundary 
having on one side donors and on the other acceptors of constant 
concentrations, Nz and N,. Such junctions are the simplest to deal 
with in the analysis, and therefore it is usual practice to consider 
nll real junctions as abrupt, where possible. 

A graded junction is the junction in which the concentration of 
one type of impurity in the region of the boundary decreases and 
that of the other type grows. The boundary itself lies where the im- 
purity concentrations are equal (Vz = N,), that is, where the semi- 
conductor is found to be compensated (see Subsec. 2.4.2.). All real 
pn junctions are graded, the degree of grading being the function of 
the effective concentration gradient in the region of the pn boundary. 

The rectifying property is only evident in pn junctions whose 
loundary region has an effective concentration gradient that satisfies 
the inequality 

aN ny 

“de Tbr 
where N is the effective concentration of an impurity (see p. 36), 
and Up; is the Debye length in an intrinsic semiconductor [see 
Ny. (2.49)]. For silicon the required value of the concentration gra- 
dient is aN/dz >> 10** cm‘. 

Depending on the impurity concentration levels in p- and n-layers, 
there are symmetric, asymmetric, and one-sided junctions. In symmetric 
Junctions, impurity concentrations Nz, and N,,; in respective layers 
are approximately equal. Symmetric junctions are not typical for 
amiconductor engineering. In wide use are mainly asymmetric 
junctions in which impurity concentrations are different. 

(ne-sided junctions represent the case of sharp asymmetry, where 
Impurity concentrations and thus majority carrier densities differ 
ly a factor of 10 or 10? or even more. These junctions are designated 


' The explanation of why space charges are present near the metallurgical 
hundary will be given below. 
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as n*p or ptn, where the upper index “+” stands for the layer with 
a much higher concentration. 

In the text below, we shall use rarely the index “+”, but imply 
that the pn junction under discussion is one-sided or at least asym- 
metric. 

In Fig. 3.2 is shown the electrical model of a pn junction and its 
origin. For the illustrative purpose, the difference in concentrations 
between majority carriers, n, 9 and Ppo, is taken to be smaller that 
it is in reality. 

Since the electron concentration in an m layer is much greater 
than in a p layer, a part of electrons diffuse from the n- into the p- 
layer, and so excess electrons appear in the p layer near the pn inter- 
face. These electrons recombine with holes until the equilibrium con- 
dition as given by Eq. (2.9) is met. Since the hole concentration in 
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Fig. 3.2. Electrical medel of a pn junction 
(a) initial state of layers; (b) space charges in real junction; (c) space charges in ideal junction 


this region decreases, uncompensated negative charges of acceptor 
atoms are left uncovered. On the left of the boundary, the diffusion 
of electrons leaves uncovered uncompensated positive charges of 
donor atoms (Fig. 3.2b). A similar reasoning may apply to holes, 
which diffuse from the p layer into the n layer. However, in a one-sid- 
ed junction, where pyo < Mno, the transport of holes is insignificant 
because their concentration gradient is substantially lower than that 
of electrons. 

The space charges so built up and the attendant fields ensure the 
Boltzmann equilibrium in the pn junction region. The region of 
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space charges is called a depletion layer because both portions of this 
region have a sharply decreased concentration of mobile carriers. 

In most cases, it is possible to idealize a pm junction as is shown 
in Fig. 3.2c, that is, to neglect completely the presence of free carriers 
nt the junction and vegard the jun- 
ction boundaries as ideally abrupt. Bn 
This approach simplifies the solu- .~# 
tion of problems. 

The junction on the whole is 0% 
neutral: the positive charge on the 
left is equal to the negative charge 7”+-——-—K—————- 
on the right of the metallurgical 
houndary. The charge densities, 70° 
however, are sharply different 5 
because of the difference in impu- 7 
rily concentrations. For this reason 
the lengths (widths) of depletion 20 
layers are different too: in the layer ps5.77 PA 
of a lower impurity concentration ~ 
(p layer in our case), the space pena 2 
charge region is noticeably wider. Hic oe, ase Aiea tie 
ee junction is said to an seyminietrie jduction’ (aemilog 
le in a high-resistance layer. and linear scales) 

Figure 3.3 illustrates the carri- 
or distribution in a semilog scale 
which is more convenient for quantitative estimation and compari- 
son. One should pay atiention to the fact that inside the pn junction 
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\lg. 3.4. Band diagrams of layers (a2) and a pn junction in equilibrium state (b) 


there is a region with an intrinsic tminimum) concentration of car- 
rlors. That is why the junction region shows the highest resistance in 
comparison with the rest of the diode structure. The resistivity in this 
region is a few orders of magnitude higher than the resistivity of 
noutral n-type and p-type regions. 

Figure 3.4 shows the band diagrams of a pn junction before and 
wfter imaginary “contact” between the layers. As seen, because 
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the Fermi level remains constant throughout in the equilibrium pn 
junction, the band edges bend in the boundary region. This results 
in a potential difference (potential barrier) and an electric field 
typical of the Boltzmann equilibrium condition. 

To characterize the equilibrium state of the junction, it is possible 
to resort to a descriptive interpretation, that is, to liken the electrons 
to heavy balls capable of moving along the bottom of the conduction 
band. The band model then appears to be like that in Fig. 3.5. 


LoS 
16—— Pp layer 


1 layer 
sh C @1 : Fig. 3.5. Band model of carrier mo- 


7@——" tion at the junction 


Most of the electrons 7 in the n* layer have a small thermal energy. 
Such electrons “roll” along the conduction band bottom toward the 
barrier but cannot overcome it; having penetrated the junction to a 
certain depth, these electrons “rebound” and come back to the n* 
layer. And only electrons 2 have enough energy to jump over the 
barrier and get to the p layer, thus forming the carrier flow heading 
from left to right. As for electrons 3 in the p layer, these roll down 
unimpeded to the nt layer irrespective of the energy, forming the 
counterflow from right to left. These two flows of electrons get into 
equilibrium. A similar model is typical of holes. 

The depth of penetration of electrons 7 into the junction naturally 
grows as they acquire more thermal energy. 


3.2.2. Analysis of an equilibrium pn junction. The height of an 
equilibrium potential barrier depends on the difference between the 
electrostatic potentials in the p- and the n-layer (see Fig. 3.4b): 


AGo = Pep — PEn (3.1) 
The potentials @zp and @gn are easy to obtain from Eqs. (2.11), 
substituting respectively p = Ppp and nm = Myo (the subscripts n 
and p identify the respective layers and the index 0 denotes the 
equilibrium state). Then, 


Ago = Or In (RnpPpo/N4) (3.2a) 

Setting rng = Ng and ppo = Na, where Ny and N, are the effective 
impurity concentrations, we get 

AQ = gr In 2Ne (3.2) 


nj 
Other conditions being the same, the equilibrium height of the 
potential barrier will obviously increase with a decreasing intrinsic 
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roncentration, or, which is the same, with an increasing width of 
‘he bandgap in the semiconductor. Substituting Ng = 10! cm-3, 
A, -- 10° cm~ and the value of n; for silicon (see Table 2.1) into 
Ky. (8.26), we obtain the value of Agy = 33q:7 ~ 0.83 V at room 
(nmperature. 

Using relation (2.9), replace in Eq. (3.2a) one of the majority- 
sarvier concentrations, Mo OF Ppo, by the minority-carrier concentra- 
Hon Pyro OF %po. We thus find out that the equilibrium height of the 
potential barrier depends on the relation between one-type carrier 
concentrations (electrons or holes) on both sides of the junction: 


Ago = Gr In (%no/Mpo) (3.32) 
A@o = Or In (Ppo/Pno) (3.30) 


Wo shall use these variants of barrier representation later in analyz- 
ing the nonequilibrium state of the junction. 

I'xpressions (3.2) show that the potential barrier height depends 
wn temperature by way of the parameters @7; and n,. Resorting to 
(4.1) and (2.8), it is possible to obtain the expression for temperature 
ansitivity in the form 


d(A AGo— 
&y= Caw) _ <0 (3.4) 


Mor silicon, & + —1.4 mV °C-! at T = 300 K. 

To calculate the equilibrium width of a junction, let us use the 
ilenlized distribution of charges (see Fig. 3.2c). With such a distri- 
lution (Fig. 3.6a), the charge densities on each side of the junction 
me constant (Fig. 3.6b): on the left side in the n* layer, A, = gN 4, 
and on the right in the p layer, Ap = —qN,. Substituting these 
“pressions into Poisson’s equation (2.45) and integrating it twice 
across the entire width of each of the two portions of the junction 
vields the linear distribution of field strength E and the quadratic 
iistribution of potential g (Fig. 3.6c and d). 

The function F (x) assumes the form 











E(z)=4 (1,42), z<0 
Soe 
E(z)= us (lp—z), 220 


lquating the expressions for E (x) at z = 0 (at the metallurgical 
houndary), we derive the relation between the width components 
of the junction in the n- and p-type layers: 
In/lyp = Na/Na (3.5) 
In an asymmetric junction and especially in a one-sided junction 
of the n*p type, an inequality Ng >> WN, is valid. Then 1, < lp, 
@ 0128 
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and, as mentioned earlier in the Subsec. 3.2.1, the total width of 
the junction is close in value to the width component of the high- 
resistance layer, Ij ~ Ip. 

The function qg (x) has the form 


N 
(t)=Or— Zee (t+In)® e<0 


Na 
g(x) = Ppt i (c—I,)?,  z0 


Equating the expressions for @ (x) at z = O and taking into account 
that @, — Qp = Ago, we find 


_ aNg 
AG = 2898 











GNa 2 
aire 2eoe lb 


For asymmetric junctions, it is safe to omit one of the summands. 
Thus for an n*p junction, where J, < 1,, we can neglect the first 





Fig. 3.6. Distribution of impurity Fig. 3.7. Distribution of impurity con- 

concentrations (a), space charge densi- centrations, effective donor concent- 

ty (b), field romain’) , and poten- ration, space charge density, field 

tial (d) in an abrupt n » junction strength, and potential in a graded 
: n*p junction 


term and put J, = J). Omitting for uniformity the subscripts, we 
can now write the potential barrier width in an asymmetric junction 
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= V =e (3.6) 


where N is the impurity concentration in the high-risistance Jayer 
of the junction. Assuming Ag, = 0.8 V and N = 10!* cm~, we 
find that for silicon J) ~ 0.3 pm. 

Graded pn junctions are aisle produced by high-temperature 
diffusion of impurities (see Sec. 6.5). The impurity distribution in 
this case closely follows the exponential law [see Eq. (2.76)]. The 
analysis of graded junctions, however, start from the assumption 
that the distribution of effective impurity concentrations over a short 
portion (within the junction width) obey the linear law. The space 
charge densities may then be regarded as linear functions of the 
coordinate x (Fig. 3.7). In this case the solution of Poisson’s equation 
yields a quadratic function £ (x) and cubic function @ (x). Employ- 
ing these functions in the same manner as above in analyzing the 
step junction, we can derive the equation for the width of an equilib- 
rium graded junction: 


in the following form 


3 / Qe eA 
ly = V ee (3.7) 


where N’ is the effective concentration gradient. Since the gradient 
is the same on either side of the junction, then the width l, 
is divided into equal lengths between the n- and p-layers. In this 
case the junction is said to be symmetric. 

As for the height of the equilibrium potential barrier, we can find 
it with the aid of Eq. (3.26), assuming that Vy and N, are effective 
impurity concentrations at respective boundaries of the junction, 


3.2.3. Analysis of a nonequilibrium pz junction. If an emf source 
V is applied across the p- and n-layers, the equilibrium state of the 
junction will be upset and an electric current will flow in the closed 
circuit. AS mentioned above, the resistivity of the depletion layer is 
much higher than that of neutral layers. Therefore, practically all 
the external voltage drops across the junction, which implies that a chan- 
xe in the potential barrier height is equal in value to the applied emf, 

With a positive voltage V applied to the p layer, the barrier height 
lowers (Fig. 3.8a): 

Ag = Ago — V (3.8) 


‘The voltage of such a polarity is called forward. At a negative po- 
tential on the p layer, the barrier height rises (Fig. 3.8b), for which 
reason the minus sign ahead of V in Eq. (3.8) should be changed for 
the plus. The voltage of this polarity is called reverse. In the further 
discussions, forward voltages will be regarded as positive, and reverse 
voltages as negative. 


ne 
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As the height of the potential barrier changes, its width and bound- 
ary carrier concentrations change too. 
( Substituting Ag from Eq. (3.8) into Eq. (3.6), we find the une- 
quilibrium barrier height 
| _ 4 / 8 BV) 
l= aN (3.9) 


The expression reveals that the junction narrows at forward voltage 
(V > 0) and widens at reverse voltage (V < 0). But at forward voltages 
in excess of 0.3 or 0.4 V (for silicon), formula (3.9) involves a 
substantial error because the idealization of the depletion layer as 





(a) 


Fig: 3.8. Biasing of the junction to the forward (a) and the reverse (b) condition 


adopted in Figs. 3.2c and 3.6 does not prove justifiable any longer. 
At reverse voltages, formula (3.9) remains quite acceptable. If the 
reverse voltage exceeds in magnitude the quantity Aqy by a factor of 
2 or 3 and more, a simplified variant of the formula may be used: 


Lx ae [Vv | (3.10) 





For a graded junction, using a cas we obtain the expression in 
the general form 








3/9 ene 
: _ oP (Ago—V) (3.442) 
and at rather high reverse voltages, 
{ 
‘ 9 
hs V S171 Iv | (3.448) 


It is obvious that the dependence / (V) for the graded junction is 
weaker than for the abrupt junction. 

A change in the height of a potential barrier involves, generally 
speaking, a change in all the four boundary concentrations. But since 
the concentrations of majority carriers substantially exceed the 


8.2. Electron-Hole Junctions 85 


minority-carrier concentrations, we have ground to assume that only 
the latter concentrations undergo changes. Based on this assumption, 
we replace the concentrations npy and Png by mp and p, in the right 
sides of Eqs. (3.3), and Aq, by Aq in their left sides. Then, substi- 
tuling Ago from Eqs. (3.3), we can easily establish the relation bet~- 
ween the boundary minority concentrations in the equilibrium and 
the nonequilibrium state: 


Np = Nye” ?r (3.12a) 
Pei page? (3.426) 


At forward voltages, the boundary concentrations prove higher 
than at the equilibrium state. This means that excess carriers appear 
in each of the layers, that is, the process of injection takes place (see 
Fig. 2.262). At reverse voltages, the boundary concentrations dec- 
1ease against the equilibrium values, which is an indication that the 
extraction of carriers occurs (see Fig. 2.260). 

Find the excess concentrations on either side of the junction by 
subtracting respectively mp g and Pyo from np and pz: 


Any = Mpg (0"/?T — 1) (3.132) 
APn = Pno (e"/*r —4) (3.138) 


Divide Eq. (3.13a) by (3.13b) and replace po and Pyro by Ppo and 
N,9 using Eq. 2.9. Assuming that the latter concentrations are equal 
to respective impurity concentrations, we obtain 


Anp/Ap, = NalNo (3.44) 


From the above expression it follows that in asymmetric junctions 
the excess carrier concentration in the high-resistance layer (with 
n low carrier concentration) is much higher than in the low-resistance 
lnyer. It can be said, therefore that in asymmetric junctions the process 
of injection is unidirectional in character: it is the carriers injected 
from the low-resistance (highly doped) layer into the high-resistance 
layer that play the main role. 

The injecting layer (or a lower resistivity) is called an emitter, 
und the layer of a higher resistivity that receives carriers (minority 
carriers for this layer) injected from the emitter is called a base. 

At reverse voltages (when extraction takes place), the boundary 
concentrations, according to (3.12), are lower than the equilibrium 
concentrations and can be as small as desired; the excess cencentra- 
lions, according to (3.13), are negative and do not exceed in magnitu- 
ile the equilibrium values npg and Pno- 


3.2.4. Current-voltage characteristic of a pn junction. Figure 3.9 
shows a current flow model at the junction. In the general case 
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(Fig. 3.9a), the current comprises an electron and a hole component 
with subscripts n and p respectively, and each in turn includes an 
injection and a recombination component with respective superscripts 
“in? and “r”. Recombination components are due to recombination 
of carriers in the space charge region as they make way to an adjac- 
ent layer. Needless to say that the recombination components of 





Emitter Junction Base 
(a (2) 


Fig. 3.9. Pattern of charge carrier transport in an n*p junction, considering 
(a) and ignoring (5) recombination in the space charge region 


electron and hole currents are equal; they sometimes play an import- 
ant part (see Subsec. 4.4.3), but now in constructing an ideal cur- 
rent-voltage characteristic, we shall neglect these components and 
use the current flow pattern as illustrated in Fig. 3.9b. 

The current flow model shows that electron and hole components 
in both layers are equal, that is, they do not vary in the junction 
region. It can be said that, having omitted the recombination com- 
ponents, we set the junction width / equal to zero. 

For the calculation of injection components, we shall avail oursel- 
ves of the fact that at the boundaries of the junction the electric 
field strength is equal to zero (see Fig. 3.6c) and, hence, the currents 
of injected carriers are of the diffusion type only [calculated by formu- 
las (2.57)]. Write the boundary gradients of concentrations in the 
form of (2.69b), assuming that the junction width 1 = 0 (see above), 
in which case the base and emitter boundaries of the junction coinci- 
de. Then, 


d (An) _ __ Amp d (Ap) _ APn 
dz |x=0 in? dz |x=0 Lp 








The plus sign for the hole gradient is due to injection of holes 
from the base into the emitter, that is, in the direction cf the negative 
values of x (see Fig. 3.9). Substituting these gradients into (2.57) 
and using Eqs. (3.13) gives the electron and hole components of the 
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current in the form 








jg ms Ryo (°° — 4) (3.152) 
; qD 
ip= —Z Pro (e""? — 1) (3.150) 


‘The minus signs are due to the assumed direction of the z-axis from 
(he negative to the positive pole of the emf V (see Fig. 3.9). From the 
physical viewpoint, currents flow from “plus” to “minus” and thus 
are positive. Summing up the quantities j, and jp, multiplying 
the result by the junction area S, and omitting the minus sign, we 
can write the expression for the J-V characteristic of a pn junction 
in the form 








I =I, (e"/°r —1) (3.16) 

where 
DS qDpS 7 
I= eee i Pro (3.17) 


Formula (3.16) is one of the most important in transistor electron- 
ics. The initial portion of the curve in Fig. 3.10 is plotted in relative 
units. The J-V characteristic definab- 
le by Eq. (3.16) is called ideal because Wg 
it does not reflect many of the at- 


tendant factors. Real J-V characteri- ~ 
stics differ from the ideal, but the 
corresponding expressions prove both oe 
less illustrative than (3.16) and too 


complex for practical use. In the 30 
analysis and calculation of semicon- 
ductor devices, therefore, at least at 
the first stage, it is usual to utilize 
(3.46) and then make the requisite 
corrections for errors. 10 
The quantity J, that determines _ i. 
“the scale” of the J-V curve is termed 
thermal current because it owes its QO 2 4 
origin to heat and, as will be shown V/Yp 
bclow, heavily depends on tempera- Fig. 3.40. I-V characteristic of 
ture. From Eq. (3.16) itisseen that ata an ideal pn junction (diode) 
sufficiently large reverse voltage, nam- 
ely at | V | > 3@7, the value of reverse current is —J and independ- 
ent of voltage. It is thus safe to say that thermal current determines 
the value of reverse current for an ideal I-V characteristic’. Besides, 






1 For real J-V characteristics, as will be disclosed later in the text, thermal 
current is not always the main component of reverse current. 
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thermal] current affects many parameters of pm junctions and tran- 
sistors, for which reason we shall consider it in more detail. 

In asymmetric junctions the current components j, and j, differ 
substantially because of the difference in excess concentrations 
[see Eq. (3.14)]. The components of thermal current differ according- 
ly. For an n*p junction the main component is the electron current, 
that is, the augend on the right of Eq. (3.17). Write this component, 
replacing 9 by nj/ppo according to Eq. (2.9) and setting ppo = 
= N,. For generality, we omit subscripts. The expression reduces 


to the form 
I) = (gDS/LN) ni (3.18) 


If N = 104 cm? and ZL = 10 um, then the thermal current 
density for silicon at room temperature is jg ~ 2 X 10-1 A/cm’. 
In modern integrated transistors base areas do not exceed 2 X 
<x 10-5 cm~-?, and emitter areas are as small as 10-§ cm~? and below. 
At room temperature, therefore, the typical value of thermal current 
I, through a silicon pn junction in an IC may be taken to equal 
10-15 A. 

The temperature dependence of thermal current is determined by 
the quantity nj. Using Eq. (2.8), write the thermal current in the 
form 


Ty = Ie a! 9 (3.19) 


where the quantity Ig) may be regarded as being independent of 
temperature. 

Differentiating (3.19) with respect to temperature and consider- 
ing (2.1), it is easy to obtain the temperature coefficient (TC) of 
thermal current 





dI,/aT —-Pg/r 

qe (3.20) 
At room temperature the TC for silicon is 16% °C-!. Since it depends 
on temperature, the TC proves inconvenient for use over a wide tem- 
perature range. 

It is common to characterize the function J, (1) by the temperature 
of current doubling, T*, that is, by the increment of temperature 
which causes the thermal current to increase twofold. From Eq. (3.19), 
we can obtain an approximate expression: 


Tt ($22 1n 2) 7, 


where 7, is the average temperature for a certain temperature range. 
At room temperature, 7* for silicon is equal to about 5°C. If the 
thermal current at 7’) is known, then its value at any other tempe- 
rature T may approximately be estimated by the relation 


Iq (T) = Iq (Ty) 207" (3.24) 
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where AT = T — 7». It can be readily ascertained that comparati- 
vely small changes in temperature cause the thermal current to vary 
by a few orders of magnitude. Thus at 125°C, the thermal current 
through an IC silicon junction may reach 10-8 A and over. 


3.2.9. Forward current-voltage characteristic. At voltages V > 0, 
the J-V curve is so steep that it is difficult to obtain the desired 
current at a specified voltage: the slightest variation in voltage 
tends to change the current to a substantial degree. That is why it 
ix typical for pn junctions to operate at the specified forward current. 
‘To examine the V-J relation, write Eq. (3.16) for the J-V character- 
Istic in the form 


V=orln(7-+ 1) 


or silicon junctions showing a negligible thermal current, the fol- 
lowing expression may be applicable 


V — Or In (1/19) (3.22) 


If forward currents vary by a factor of 10? and over, the forward 
voltage may vary heavily too. But in practice the current range can 
rarely be so wide. Over the common operating range the forward 
voltage alters but very insignificantly. 

For example, if Jy) = 10-1° A and forward currents lie in the range 
{0-3 to 40-* A (known as the normal current range), the voltage V 
varies merely from 0.69 to 0.64 V. At other currents Jy spanning 
the range 10-® to 10-® A (known as the microampere region, or wA- 
range), the voltage changes from 0.57 to 0.52 V. 

Thus, forward voltages differ somewhat depending on the range 
of currents, but for a definite current range these voltages may be 
thought to be constant and regarded as a kind of parameter of the 
forward-biased silicon junction. Let us designate this parameter 
wx V* and call it the voltage of a forward-biased junction. At room 
(emperature, we shall set this voltage at 0.7 V over the normal cur- 
rut range and at 0.5 V in the microampere range. 

If the forward voltage is merely 0.1 V (or 4 gr) below the voltage 
\'*, the junction may practically be considered still nonconductive 
since the currents at such a voltage are a few orders of magnitude 
smaller than the rated values. The parameter V*—0.1 V may condi- 
tionally be called the “cut-off”? voltage of the junction. This bias 
vollage is well illustrated in Fig. 3.41a. At lower voltages, down to 
wro, the J-V curve merges into the x-axis to form what is called a 
“heel” of the J-V characteristic. 

The voltage V* depends on temperature at an invariable current. 
lhis temperature dependence is due to the components @z and I, 
entering into Eq. (3.22). Differentiating (3.22) with respect to tem- 
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perature and considering (3.20), it is easy to obtain the expression 
for the temperature sensitivity of forward voltage: 


e* = dV*/dT = — (9, — V*)/T (3.23) 


The parameter e* is weakly dependent on temperature because with 
an increase in 7 the quantity V* in the numerator decreases accord- 
ingly. For silicon, e* lies between —1.5 mV °C“ in the normal cur- 
rent range and —2 mV °C"! in the pA-range. 

As seen, with rising temperature the forward voltage on the pn 
junction drops off (dash lines in Fig. 3.44a). At T = 150°C, the 
forward voltage may be 0.2 to 0.25 V below the rating. 

An important feature of the ideal J-V characteristic is the inverse 
relationship between the forward voltage and thermal current: 
the lower the thermal current, the higher the forward voltage, and vice 


I,mA 
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Fig. 3.11. J-V characteristics of ideal diodes (pn junctions) with various band- 
gap widths (a) and various junction areas (6) 


versa. For this reason, in germanium junctions, where the current I) 
is 10° times as large as that in silicon junctions, the forward voltages 
are lower by 0.35 V, other conditions being the same; they commonly 
vary from 0.25 to 0.45 V, as shown in Fig. 3.41a, depending on the 
working current range. Thus, the “cut-off” voltage is close to zero 
and the parameter V* has no meaning, so there is more sense in 
assuming V* ~ 0. 

Cne more consequence of the inverse relation between V and I, 
is that the forward voltage decreases with an increase in the junction 
area (Rig. 3.44b). 

A feature typical of the real J-V characteristic is an ohmic drop 
of voltage across the base layer. Indeed, if the base layer has a rather 
high resistance r,, the external voltage, generally speaking, does not 
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drop completely across the pn junction, but spreads out between the 
junction and base layer. The forward voltage given by Eq. (3.22) 
will then be expressed as the sum of terms: 


= gr In (I/I9) +: Iry (3.24) 


Since the addend (ohmic drop) is a linear function of current, and 
the augend is a logarithmic function, it is clear that at a fairly large 
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ig. 3.12. Forward (a) and reverse (b) current-voltage characteristic of a real 
allicon diode (pn junction) 


current the exponential I-V characteristic always degenerates, that is, 
lecomes flatter (see Fig. 3.12a). Such degeneracy sets in at a current 


Taeg = Or/To 


The base resistance in a small-area junction may range into the tens 
of ohms, so the /-V characteristic may tend to degenerate at compa- 
taltively small currents, from 0.2 to 0.5 mA. 

If the forward voltage exceeds Ago, then the potential barrier 
height practically drops to zero and the J-V characteristic becomes 
quasilinear: 


V = Ago + Iry 


This portion of the J-V curve is called ohmic. The strict linearity 
does not exist because of base resistance modulation—an increase in 
the base conductivity due to high concentrations of excess carriers at 
large currents. Under these conditions, the relation J ~ V? becomes 
valid for the J-V curve. 

One of the important parameters of the forward current-voltage 
characteristic is an incremental resistance across the junction. For the 
initial (nondegenerate) portion this resistance can be readily obtain- 
wd from Fq. (3.22): 

Tp, = AV/dl = Gell (8.25) 
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The physical meaning of this parameter becomes clear if we replace 
the differentials dV and d/ by finite increments. Then 


AV = Alrp, 


Hence, rp, is the resistance to the current increments, AI, which are 
small as against the de component I that determines the value of rpy. 

The typical value of rp,, which it is advisable to remember, is 
20 Q at J equal to 1 mA. The recalculation of resistance at other 
values of current does not present difficulties. It should be pointed 
out that the junction resistance rises sharply over the pA-range. 
Thus at J =5 pA, rp, = : 


3.2.6. Reverse current-voltage characteristic. As noted earlier, 
the real reverse current through a silicon junction by far exceeds the 
value of Ig as predicted by Eq. (3.17). The cause of this is first of all 
the generation of electron-hole pairs in the space charge region of 
the reverse-biased junction. The component of reverse current that 
results from this phenomenon is called a thermally generated current. 

The processes of generation and recombination of carriers occur 
in all the portions of a diode, both in neutral n- and p-layers and 
in the junction region. In the equilibrium state, the rates of genera- 
tion and recombination are equal throughout, and so directional 
flows of carriers are absent. The reverse voltage applied to the junc: 
tion causes depletion of carriers in the junction region. Recombina- 
tion here slows down and the process of generation proves nonequilib- 
rium. The excess carriers being generated move under the action of 
the electric field into the nm layer and holes into the p layer. These 
flows of carriers are responsible for the thermally generated cur- 
rent Ig. 

To determine the current J,, one must know the carrier generation 
rate given by (2.36). For simplicity, trap levels are assumed to lio 
exactly in the middle of the bandgap (in which case ny; = p; = n)) 
and the free carrier concentrations in the junction region are taken 
to equal zero at the reverse voltage (n = p = 0). Given such condi- 
tions, Eq. (2.36) yields the generation rate in the form 


dnidt = n,/t 


where t = Tp + T, is the total lifetime. Multiplying the generation 
rate by the pn junction volume S/ and the elementary charge qg on 
each particle, we get 

Ig = (qlS/t) nj (3.26) 


For a:silicon junction with t= 0.4 ps, J = 0.5 um, and S = 
= 5 X 10-§ cm’, we find that Iz ~ 10-4" A. This value is four 
orders of magnitude higher than the value of thermal current cal- 
culated earlier. In semiconductors showing high intrinsic densi- 
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\lws n;, the difference between Ig and J, is smaller since I) ~ ni, 
while Ig ~ n;. Thus in a germanium junction, both currents are of 
‘he same order of magnitude. 

Apart from its high value, the thermally generated current differs 
from the thermal current by its dependence on reverse voliage 
(Vig. 3.42b). This dependence follows from Eqs. (3.9) and (3.10) 
which determine the junction width. 

As regards the temperature dependence of current J, , it can be 
eusily estimated by substituting n; from (2.8) into (3.26). The ther- 
mally generated current is then described by 


Ig=Tqqe 8!?9T (3.27) | 


where Ig) is the quantity weakly dependent on temperature. Com- 
paring Eq. (3.27) with Eq. (3.19), we can see that Jg is less depen- 
dent on ZY than Jy. In particular, the TC/, will be half as large 
(about 8% °C-*) and the temperature of J, doubling will be twice 
wx high (about 410°C). 


3.2.7. Junction breakdown. There are basically three kinds (or 
mechanisms) of breakdown in pn junctions at fairly large reverse 
valtages: tunnel, avalanche, and thermal. The first two stem from an 
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tly. 3.43. Tunnel breakdown 
Fu band diagram; (b) reverse I-V characteristic of diode under conditions of tunnel break- 
Aowh 


‘crease in the strength of an electric field in the junction, and the 
‘hird from an increase in the dissipated power and thus in tempera- 
ture. 

What underlies the mechanism of tunnel breakdown is the tunnel 
“ffect responsible for the penetration of electrons through a thin 
olential barrier (see p. 59). In the given case the barrier height is 
meant to be the bandgap width @,, and its thickness is understood 
‘u be the distance d between the opposite bands (Fig. 3.43a). The 
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analysis yields the following approximate expression for breakdown 
voltage: 


Vz = 1/2e eup FFs (3.28a) 


where /,, is the breakdown strength of the field (for silicon, E,, = 
= 4 x 10° V/cm); the subscript b relates to the base layer. In practi- 
ce, semiempirical formulas are used. Thus for silicon, 


Vz = 40Pn + 8Pp (3.28b) 


where p, and Pp are the resistivities of respective layers in Q cm. 

Both formulas show that the tunnel breakdown voltage is pro- 
portional to the base resistivity. For this reason, to increase the Lreak- 
down voltage it is necessary to use a sufficiently high-resistance material 
for the base. The general form of the reverse characteristic in tunnel 
breakdown is displayed in Fig. 3.130. 

The mechanism of avalanche breakdown depends on the multi- 
plication of carriers in a strong electric field that acts in the junction 
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Fig. 3.14. Avalanche breakdown 


(a) electron kgertoetr pean model; (b) reverse I-V characteristic of diode under conditions 
of avalanche breakd 


region. An electron or hole accelerated by the field acquired enough 
energy in its free path to be able to rupture one of the covalent bonds 
of a neutral atom in the semiconductor, thereby generating an elect- 
ron-hole pair by impact ionization. These carriers excite new elect- 
ron-hole pairs, and so on (Fig. 3.44a). The reverse current here natur- 
ally grows. At a sufficiently high strength of the field, in which tho 
initial pair of carriers excites on the average more than one pair of 

1 The field strength in the junction can roughly be estimated as a quotient 


of the reverse voltage by the junction width. Setting |V| = 5 V and / = 1 pm, 
we get E = 50 kV/cm 
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hew carriers, ionization assumes an avalanche form, analogous to the 
avalanche breakdown in a gas discharge. In this process only the 
external resistance sets limits on the current. 

The J-V characteristic accounting for carrier multiplication until 
breakdown is described Ee a semiempirical formula 


1 
where M is the coefficient a ae enetaens I and V are the absolu- 
te values of reverse current and voltage respectively, and V,, is the 
uvalanche breakdown voltage (at which M = oo). The values of 
txponent n for silicon appear in Table 3.1. The general form of the 
reverse characteristic in avalanche breakdown is shown in Fig. 3.14b. 

The avalanche breakdown voltage is related to the base resistivity 
by a semiempirical formula 


Var = ape (3.30) 


where p, has a dimension of 92 cm; the values of a and m are given 
in Table 3.1. The dependence V,, (py) is weaker than Vz (9,), there- 











Table 3.1 
Parameters of Avalanche Breakdown 
Material Conductivity type of base n m a 
Electron | 5 | 86 | 0.65 
Silicon 
Hole | 3 | 23 | 0.75 
Electron | 3 | 83 | 0.60 
Germanium 
Hole | 5 | 52 | 0.60 








fore at high values of p, (when Vy, << Vz) the mechanism of break- 
own is of the avalanche nature, while at low values of o, (when 
V,< V,,) the tunnel mechanism is operative. The limiting value 
uf breakdown voltage is equal to about 5 V. Above this value break- 
down is of the avalanche type, and below this value, it is of the tun- 
nol type. 

A distinguishing feature of both types of breakdown is that the 
'C of avalanche breakdown voltage is opposite in sign to the TC of 
‘unnel breakdown voltage (Fig. 3.15). The reason is that the tunnel 
hroakdown voltage is directly dependent on the bandgap width, and 
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therefore a decrease in p, with rising temperature [see Eq. (2.4)] 
causes a decrease in Vz. The avalanche breakdown voltage is inverse- 
ly dependent on carrier mobility, and so a drop in » with growing 
temperature [see Eqs. (2.20)] leads to an increase in Vy. 

Both types of breakdown find practical uses in silicon reference 
diodes intended to stabilize voltage; in the breakdown region, as 


TOV 4 ot V Vr ; 
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Fig. 3.15. TCV versus break- Fig. 3.46. Reverse [-V characteristic 
down voltage of a diode under conditions of ther- 
mal breakdown 


seen from Figs. 3.13 and 3.14, the voltage weakly depends on current 
changes, hence the diode can function as a voltage stabilizer (sew 
Sec. 9.10). 

The voltage is not strictly constant because the J-V curve in the 
breakdown portion is not entirely vertical. The slope of the curve 
is described by an incremental resistance r,; = dV/dl. 

For tunnel breakdown, 


op TZ Epp 0-4 (3.314) 
For avalanche breakdown, 
pe 4 35 Ve 
a a (4 Taz) GM) 


For example, if V, =3 V, 1=2mA, E,,=4 X 10° V/cm, 
Vu = 10 V, and V/V,, = 0.98, then we get r,; ~ 60 Q and ry; » 
= 100 for the tunnelling-effect and avalanche-effect devici 
respectively. 

With an increase in current, r,; decreases. Depending on the jun 
tion area, the minimum values of r,; lie in the range from 2-40 1) 
(for large areas) to 20-50 Q (for small areas). 

Thermal breakdown results from self-heating of the junction ne 
the reverse current flows through it. As the temperature rises, ra 
verse currents grow sharply [see Eqs. (3.19) and (3.25)] and so dona 
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the energy dissipated in the junction, producing a further increase 
{n temperature, and so on. A distinctive feacure of the J-V characte- 
ristic in thermal breakdown is a portion of negative incremental resi- 
stance, dV/dJ <0 (below point A in Fig. 3.16). The equation for 
thermal breakdown voltage (at A) has the following structure: 


Vr ad 3/(pgR tl rev) (3.32) 


where R; is the thermal resistance at the junction; and I ,¢, is the reverse 
current at room temperature. Substituting the typical values of 
RK, = 0.5°C/mW and J,., = 10-! A, we obtain V7; ~ 6 x 107 V 
for silicon. This voltage is much higher than the voltage of avalanche 
and tunnel breakdown. 

From the above it can be inferred that thermal breakdown is not 
an independent phenomenon: it can begin to build up only when the 
reverse current has grown high enough as a result of avalanche or tunnel 


breakdown (for example, at IJ,e, = 1 mA, the voltage V; drops to 
 V). 


3.3. Transient Behavior of pn 
Junctions 


A semiconductor diode is inert to rather fast variations in current 
ur voltage because a new distribution of carriers does not set in at an 
instant. As known, the externally applied voltage changes the junct- 
ion width (see Subsec. 3.2.3), and thus it changes the value of space 
tharges in the junction. Besides, the same voltage causes injection 
wr extraction of carriers and thus changes the charge in the base reg- 
jon (the role of charges in the emitter is insignificant). Consequently, 
a diode has a capacitance which may be thought of as the one being 
in parallel with the pn junction. 

It is customary to divide this capacitance into a barrier capaci- 
lance (junction or depletion-layer capacitance), which reflects 
\he redistribution of charges in the junction, and a diffusion capaci- 
lance, which reflects the redistribution of charges in the base. Such 
a division is in general conditional but convenient from the practical 
viwwpoint, since the proportion of both capacitances is different 
with different polarities of applied voltage. In the forward-biased 
junction, it is the excess carriers in the base that play the major 
art (that is, the diffusion capacitance). At the reverse voltage, the 
amount of excess charges in the base is small and so the barrier ca- 





' The thermal resistance is a proportionality coefficient in the relation 
yn > Tam = RtP, where Tpn is the junction temperature, T,,, is the ambient 
‘amperature, and P is the power scattered at the junction. This coefficient 
‘aponds on the thermal conductivity and geometry of a crystal and is commonly 
eallmated experimentally. 
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pacitance plays the main role. Consider first both of these capacitanc- 
es and the transient processes proper. 


3.3.1. Barrier capacitance. Assume the charge distribution over 
the junction to be such as shown in Fig. 3.6, that is, of the abrupt 
type. As before, we shall regard the junction as being of an asym- 
metric, n*p type. Based on these assumptions, we may consider the 
width of a negative space charge region in the p base equal to the 
entire width of the junction, 1, = 1 [see description of Eq. (3.5)]. 
Write the modulus of this charge: 


1Q | = qNSI1 


where N is the impurity concentration in the base, and S is the 
junction area. The same (but positive) charge will be in the emitter 
n* layer. 

Assume these charges are located on the plates of an imaginary 
capacitor. The capacitance of a capacitor is commonly expressed as 
Q/V. In the given case, however, the charge is attributed not only to 
the external voltage V but also to the equilibrium barrier height 
A@y [see Eq. (3.9)]. So the charge | Q | need be divided by the quant- 
ity Ag = Ago — V. Transistor electronics more often uses a diffe- 
rential barrier capacitance obtained by differentiating | Q | with 
respect to the voltage Aq. Considering Eq. (3.9), we derive the ex- 
pression for barrier capacitance per unit area: 


0.5e9eq.N 
Com / ane (3.33) 
At forward voltages (V > 0), the barrier capacitance rises, but this 
increase in capacitance is not entirely congruous to the derived ex- 
pression, the causes of incongruity being the same for Eq. (3.9). 
Therefore, Eq. (3.33) is practically suitable only for reverse voltages. 
In this case, it is more convenient to use the modulus of reverse 
voltage | V |. Then, 


0.5e9eqN 
Coo = cea V | (3.34a) 


If the reverse voltage exceeds the value of Aq by a factor of 2 and 
above, a simplified expression may be quite acceptable: 


N 
Cg foe (3.348) 


For the silicon (¢ = 12), 
' =e 2 —_N 
, Cop © 3X 10 0y/ 


1 For the rated forward voltage V*, it is usual to set C, = 1.5 to 2 C, (0), 
where C;, (0) is the capacitance at the zero voltage across the junction. 
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For example, if N = 10'* cm-* and | V | = 4 V, the typical value 
of Cyy is approximately equal to 4.5 x 10-® F/em? (450 pF/mm?’). 
With the junction area S = 10-? mm’, the barrier capacitance will 
amount to 1.5 pF. 

The dependence of barrier capacitance on voltage is illustrated in 
Fig. 3.17 for an abrupt and a graded pn junction. The capacitance 


Fig. 3.47. Barrier capacitance of an 
abrupt (a) and a graded (b) junction 
asa function of reverse voltage 





for the latter junction is found in the same fashion, but with the use 
of Eq. (3.11a) instead of Eq. (3.9). The graded junction shows a 
weaker dependence of its capacitance on voltage than the step junct- 
lon. 


3.3.2. Diffusion capacitance. The diffusion capacitance is due to 
changes of charges in the quasineutral base layer. Indeed, with the 
injection of minority carriers into the base of a ptn junction, the 
hase becomes richer in both electrons and compensating holes. An 
increment in their charges divided by the voltage increment at the 
Junction is just the diffusion capacitance. 

Since the excess charges of electrons and holes are equal, let us 
lind one of them, namely, the charge of electrons. We shall proceed 
lrom distribution equation (4.2) which, in distinction to Eq. (2.68), 
in valid for the finite base thickness [in deriving Eq. (2.68), the 
wxsumption was that w = oo, i.e. w>>L]. The excess charge on 
vlectrons wil] thus be written in the form 


AQ=9S | An, (2) de = It (1—sech ) (3.35) 
0 
using Eq. (2.66) after integration. 


Differentiating AQ with respect to V and considering Eq. (3.25) 
ulves the expression for diffusion capacitance in the general form 


Car= (1— sech + ) (3.36) 
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For a thick base, where w>> LZ and sech (w/L) ~ 0, we obtain 
It 
Cay = ms (3.37a) 
Thus if t= 1 ps and J = 1 mA, then Cy;; = 0.04 pF. 
For a thin base, where w < L and sech (w/L) ~ 1 —0.5 (w/L)?*, 


ne diffusion capacitance, considering Eq. (2.66), may be written 
thus 


ee wt  Itp 
Car= or 2 os (3.370) 
where 
t= 5 (3.38) 


is the mean diffusion time, that is, the mean transit time the carriers 
take to diftuse through a thin base. If w = 5pm and D = 36 cm?/s, 
then tp ~ 3.5 ns. At the same value of current as that taken in the 
preceding example (1 mA), Cai; ~ 140 pF, or one three-hundredth 
that for the thick base. 

_ The diffusion time proves to be as fundamental a parameter of 
semiconductor devices as the lifetime. It is easy to see that both equa- 
tions (3.37) are the same in structure; they only differ in that the 
parameter ¢, for the thin base replaces the parameter 1 for the thick 
base. 

Comparing the diffusion capacitance (DC) with the barrier capa- 
citance (BC) we can make the following conclusions: 

(a) unlike BC, DC is independent of junction area; 

(b) DC is a function of current, whereas BC is a function of voltage; 

(c) at I of the order of 1 mA and higher, DC is a few orders of 
magnitude larger than BC, so it is quite safe to ignore the latter 
quantity; 

(d) in the microampere range covering the currents in the order 
of 1 uA and below, DC becomes comparable to BC. 

_(e) with the reverse bias maintained on a silicon junction, when 
the current does not exceed 10-*-40-* nA, DC is close to zero anil 
can be neglected with good reason. 


3.3.3. General characteristic of transients. For rather small incre- 
ments in voltage (less than g,), the pn junction may be regarded a 
an incremental resistance [see Eq. (3.25)] shunted by diffusion and 
barrier capacitances, one of which may usually be neglected (see thw 
conclusions at the end of Subsec. 3.3.2). The transient in this cas 
is the same as that in the common parallel RC circuit. This process 
is of no special interest since diodes generally operate at voltagi 
higher than q7, in which case nonlinear properties of junctions begin 
to show up. , 
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Large variations in current and voltage produce changes in the 
incremental resistance, barrier capacitance and, primarily, in the 
diffusion capacitance. Therefore, where large signals are present, the 
analysis involving the diffusion capacitance and incremental resi- 
stance turns out to be unsuitable; the analysis of the nonlinear RC 





(6) 


Nig. 3.48. Transient processes in a diode 
(u) switching circuit; (b) time diagrams for switching and turn-off transients 


rircuit proves far from being a simpler approach than that relying 
directly on continuity equations. 

The limiting case of a large signal is switching of the junction 
from the reverse to the forward state, and vice versa. It is exactly 
this case that is considered below. For simplicity, we shall take no 
account of barrier capacitance which delays somewhat the transient 
trocesses but does not change their nature. 

The analysis of transients is commonly made for a step input 
(ig. 3.48), with the pn junction alternately operated in the forward 
wud reverse directions (in a particular case, the reverse switching 
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may be absent, that is, the diode may simply be cut off, e, = 0). 

In switching the junction from the reverse to the forward state 
and vice versa, its transient characteristic displays the following 
regions (Fig. 3.485): 

(4) transition interval 6;, setup of forward voltage at a given for- 
ward current; 

(2) storage interval 0,, removal of excess carriers in the base at a 
given reverse current; 

(3) recovery interval 6,, recovery of reverse current at a given reverse 
voltage. 

Consider these regions in sequence. 


3.3.4. Setup of forward voltage. In this region, the specified value 
is considered to be the forward current: 


a —VYy* 
y=45 ~ ST" — constant 





The voltage V, comprises two components, the voltage V at the pn 
junction proper (in the space charge region) and voltage V, across 
the quasineutral base layer. 

The transient characteristic for the first component v is determin- 
ed from transient diffusion equation (2.64) with the use of Eq. (3.13a). 
For a thick base, 


v (8) = or In( FherfV 0 +1) (3.39) 


where 0 = t/t is the relative time, and erf Ve is the error function, 
(see p. 72). The approximation of erf (x) relies on the similarity of 
this function to the exponential function 1 —e-*. Therefore, 
erf VO x~ V1i—e. At0<0.5, erf YO~/VO, and at 09> 0.5, 
erf V0 ~ 1 — (1/2) e-8, Disregarding the unity in Eq. (3.39), we 
use the approximation erf // 0 ~ Y 6 and equate the right side of Eq. 
(3.39) to steady-state equation (3.22) multiplied by 0.9 to obtain 
the transition time at 90% of its final value: 
Ty \-002 

On & (+) (3.40) 
Thus if J,/I) = 10°, then 0;, ~ 0.01. 

The transient characteristic for the second component v, depends 
on the modulation of base resistance (see p. 94). At the start of cur- 
rent flow, J,, the base has only equilibrium charges. Further, as the 
base accumulates additional, excess charges due to injection, its 
resistance r, diminishes, which entails a decrease in the voltage drop 
I,r,. The charge accumulation and, hence, the decrease in voltage 
v, depend on the mean lifetime t. 
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A simplified analysis gives the following relation for a thick 
base: 


v, (0) = =V, (0) {1-= In| > p (22)? +4 Jert V3} (3.44) 


where Vy, (0) = J,rp, is the initial voltage across the nonmodulated 
base resistance ry). We define the initial surge AV, (see Fig. 3.180) as 
the difference between V, (0) and Vz (co): 


2 
AV,=Ve (0) In[ >t (S2)"+4] (3.42) 
For example, if J,/Ig = 10°, pyo/p; = 10-° (at pyg = 22cm), 
and w/L = 2, then AV, ~ 0.2V, (0). 
The transition time (at a level V, (co) + 0.4AV,) is found to be 
equal to 
Oi. & 1.6 (3.43) 


As seen, 642 >> 64. Hence, it is safe to neglect the transient v (6), 
considering that the stationary voltage, as given by Eq. (3.22), sets 
in immediately after arrival of the pulse J,. 

We have assumed above that the length of pulse I 1 exceeds Ojo. 
Where narrower pulses are involved, charges have no time to build 
up completely and the relative value of voltage surge diminishes; 
it also does so when the forward current J, decreases, as is apparent 
from Eq. (3.42). 


3.3.5. Removal of excess carriers. After switching the diode from 
the forward to the reverse state, the charge stored up in the base 
cannot change in an instant. This is particularly obvious if we re- 
gard the diode as being shunted by the diffusion capacitance indicat- 
ive of the presence of the above charge. Like any other capacitance, 
this capacitance recharges gradually under the action of the current 
flow. For the same reason the voltage across the junction does not chan- 
ge in an instant after switching; it then drops smoothly to zero and 
further grows, with its sign reversed, to the steady-state value e, 
(see Fig. 3.18b). The storage time for the charge in the base is the 
time interval between the moment of reverse switching and the 
moment at which the forward voltage v across the junction drops to 
zero!. 

If at the stage of charge removal the relation v< e, holds true, 
then the reverse current proves equal to the specified value: 


—egtv —e 
—I,= 7 A, 7 








= constant 


1 Analysis shows that at v = 0 a certain residual charge still remains in the 
base, but its removal takes place in the next stage of the transient process. 
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may be absent, that is, the diode may simply be cut off, e, = 0). 

In switching the junction from the reverse to the forward stato 
and vice versa, its transient characteristic displays the following 
regions (Fig. 3.480): 

(4) transition interval 6;, setwp of forward voltage at a given for- 
ward current; 

(2) storage interval 0,, removal of excess carriers in the base at a 
given reverse current; 

(3) recovery interval 0,, recovery of reverse current at a given reverso 
voltage. 

Consider these regions in sequence. 


3.3.4. Setup of forward voltage. In this region, the specified value 
is considered to be the forward current: 


_ ey—Va BSG e,—V* _ 
i= A © +R = constant 








The voltage V, comprises two components, the voltage V at the pn 
junction proper (in the space charge region) and voltage V, across 
the quasineutral base layer. 

The transient characteristic for the first component v is determin- 
ed from transient diffusion equation (2.64) with the use of Eq. (3.43a). 
For a thick base, 


v (0) = or In( FrerfV +1) (3.39) 


where 0 = #/t isthe relative time, and erf Vo is the error function, 
(see p. 72). The approximation of erf (xr) relies on the similarity of 
this function to the exponential function i= e-*. Therefore, 
ef V0 ~ Vi—e. AtO0<0.5, ef YO~Y)O, and at 0>0.5, 
erf V0 ~ 4 — (1/2) e-8. Disregarding the unity in Eq. (3.39), we 
use the approximation erf / 6 ~ / 6 and equate the right side of Eq. 
(3.39) to steady-state equation (3.22) multiplied by 0.9 to obtain 
the transition time at 90% of its final value: 


Oa (f) (3.40) 


Thus if J,/I)g = 101°, then 6; ~ 0.01. 

The transient characteristic for the second component v, depends 
on the modulation of base resistance (see p. 91). At the start of cur- 
rent flow, J,, the base has only equilibrium charges. Further, as the 
base accumulates additional, excess charges due to injection, its 
resistance r, diminishes, which entails a decrease in the voltage drop 
I,r,. The charge accumulation and, hence, the decrease in voltage 
v, depend on the mean lifetime t. 
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A simplified analysis gives the following relation for a thick 
hase: 


v, (0) =V3 (0) {1-= In| > 5 ( fe)” +4] ert V3} (3.44) 


where V, (0) = Iyryo is the initial voltage across the nonmodulated 
base resistance ry9. We define the initial surge AV, (see Fig. 3.18b) as 
the difference between V, (0) and Vy (co): 


2 
AV,=V» (0) 5 In[ 74 ( 22) +4] (3.42) 
For example, if [,/I) = 10'°, pyo/p; = 10-° (at pop = 2 Q cm), 
and w/L = 2, then AV, = 0.2V, (0). 
The transition time (at a level Vi, (co) + 0.1AV,) is found to be 
equal to 
Or. & 1.6 (3.43) 


As seen, 042 >> 01. Hence, it is safe to neglect the transient v (6), 
considering that the stationary voltage, as given by Eq. (3.22), sets 
in immediately after arrival of the pulse J,. 

We have assumed above that the length of pulse I, exceeds 0p. 
Where narrower pulses are involved, charges have no time to build 
up completely and the relative value of voltage surge diminishes; 
it also does so when the forward current J, decreases, as is apparent 
from Eq. (3.42). 


3.3.5. Removal of excess carriers. After switching the diode from 
the forward to the reverse state, the charge stored up in the base 
cannot change in an instant. This is particularly obvious if we re- 
gard the diode as being shunted by the diffusion capacitance indicat- 
ive of the presence of the above charge. Like any other capacitance, 
this capacitance recharges gradually under the action of the current 
flow. For the same reason the voltage across the junction does not chan- 
ye in an instant after switching; it then drops smoothly to zero and 
further grows, with its sign reversed, to the steady-state value e, 
(see Fig. 3.18b). The storage time for the charge in the base is the 
time interval between the moment of reverse switching and the 
moment at which the forward voltage v across the junction drops to 
zero!, 

If at the stage of charge removal the relation v< e, holds true, 
then the reverse current proves equal to the specified value: 








—I,= hs =~ —*2 — constant 


¢ Analysis shows that at v = 0 a certain residual charge still remains in the 
base, but its removal takes place in the next stage of the transient process. 
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Solving transient diffusion equation (2.64) and considering relat- 
ion (3.13a), it is possible to obtain the transient characteristic for 
forward voltage in the storage interval: 


Iy tl a 
v (8) = @r In (AE ot V8+ 1) (3.44) 
Assuming v (0) = 0, we find the storage time in the implicit form 


6 = —1_ 

erf / 6, = T4hy (3.45a) 
Using the approximation erf / 6 = 1 — e~® yields the expression 
for storage time in the explicit form 


6,= —In[1— (747)] (3.45b) 


For example, if J, = J,, then 6, ~ 0.3. As the reverse current /, 
grows, the storage time decreases, which is quite natural since the 
large current sweeps out more speedily the charge from the base. 
At the moment of switching, the diode current varies in magnitude 
from I, to —I,, that is, by a value of J, + I,. The voltage across 
the base layer correspondingly decreases stepwise by the value 


AV, = (I, + Ie) ro 


The total voltage Vg drops by the same value since the component 
V does not change in switching. The drop AV, is called ohmic. 

A variant of charge removal is the case where the diode is not swit- 
ched over but turned off, so that eg = 0 and J, ~ 0. Then, after 
the ohmic drop AV, = J,rp, the voltage v, falls nearly to zero and fur- 
ther stays invariable. Consequently, the voltage across the diode 
will be determined by the voltage v on the junction. This voltage, 
according to Eq. (3.44) at J, = 0, may be written as 


v (8) = 7 In [# (1—ertV 8) +4] (3.46) 


If we separate out the factor (/,/I, + 4) in the brackets of Eq. (3.46), 
take the logarithm of the found product and set Jy) << J,,then expres- 
sion (3.46) will assume the form 


v (8) = V (0) -+ or In (erfc Y 6) (3.47a) 


where V (0) is the voltage across the junction at the moment of 

ae and erfe Y 6 is a complementary error function (see 
. 72). 

: iia shows that the initial and the finite region of the trans- 

ient chardcteristic are of little significance. For the main region cha- 

racterized by 8 > 0.5, the approximation erf /6 = 1 — (4/2) e~® 

is applicable. This yields a linearly drooping characteristic repre- 
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sented by 
v (0) = V (0) — g78 (3.47) 


Setting v (0) = O and using Eq. (3.22) for V (0), we determine the 
storage time from Eq. (3.47b) 
ss VA ete 
0,= Pad In (3.48) 
Vor example, if ,/J) = 10'°, then 6, ~ 20. As seen, in the absence 
of reverse current the period of charge removal extends considerably 
Isce the example relating to Eq. (3.45b)]. 


3.3.6. Recovery of reverse current. This portion of the transient 
characteristic is most complicated as regards its analysis. What in- 
volves the main difficulty is the need to deal with a rather intricate 
Initial distribution of carriers in solving the diffusion equation. 

If we apply quite an acceptable approximation 


An (2, 0) = Pot (e-#/L — 9-=/1) 


where 1 = L/ (4 +. J,/J,), then, after rather awkward calculations 
nnd some omissions, the transient characteristic becomes comparat- 
ively simple in form: 


v (0) = LJ, erf VY 6— (14+ J,) (4—ele?- 1% erfc VY a26] R (3.49) 
where a = 1+J,/I,. Considering that in the recovery region the re- 
verse current is related to voltage by the expression 


1(0) = —1,-2@ 


lt. is easy to obtain the transient characteristic for reverse current?: 
i (0) =I, erfc V8 —(I,+I,) e-erfe Va20—Iy (3.50) 


The recovery time of reverse current cannot be determined at 
(.47, because the current at this level is many orders of magnitude 
higher than J) corresponding to the stationary reverse biased con- 
dition. To determine the recovery time 0,, therefore, we assume quite 
n definite value of reverse current close to I: 


i (6,) = — nl 


Using in Eq. (3.50) the approximation erf /0 ~ 1 — (1/2) e-® 
and completing certain transformations, it is possible to obtain the 





1 The right side of the expression includes the reverse thermal current J, 
which is of no significance in formula (3.49), but here becomes an asymptotic 
value with @-—» oo. 
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time 0, expressed in the simple explicit form 


TolTy 
9, =Insa—p (3.51) 
Thus if J,/Iy = 10° and n = 3, then 0, ~ 20. This means that at 
t = 1 us the pulse tail (trailing edge) will have a duration of about 
20 us, which heavily decreases the speed of response of the diode. 
In special pulse diodes the lifetime and correspondingly the recovery 
time can be 2 or 3 orders of magnitude smaller. 

In distinction to the storage time, the recovery time is directly 
rather than inversely dependent on the initial reverse current J.. 
This is due to the fact that in defining the quantity 0, we have dealt 
with the definite level of final current, nJ); consequently, the higher 
the upper, or initial, level of J,, the longer the time that is needed 
to reach the lower level. If the lower level were set at 0.1/7,, then the 
gtd F aue 6, would be independent of current and reach 
no ~ 1.6. 
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The first solid-state devices were point-contact diodes using a semi- 
conductor-metal contact (junction) as the rectifying element. They 
owedi#their inception to the experimentally discovered effect— 
rectification of weak ac pulses on bringing a sharp metal point in 
close contact with crystals of some natural semiconducting minerals. 
The early devices of this type were certainly unreliable and had 
unstable and nonreproducible characteristics. But these devices 
served as the basis for the creation of more advanced point-contact 
diodes now in use and, above all, provided a great impetus to the 
development of modern transistor electronics'. In integrated cir- 
cuits, metal-semiconductor (silicon) contacts find two uses, either 
as nonrectifying, ohmic contacts to supply current to and draw it 
from integrated elements or as specific rectifying contacts, known 
as Schottky barrier diodes. 

The structure and properties of metal-semiconductor contacts pri- 
marily depend on the relative positions of Fermi levels in either of 
the two layers. Fig. 3.19 shows the band diagrams for separated layers 
at the top and the band diagrams of respective junctions at the bottom 
after “bringing” the layers in contact and establishing equilibrium. 


3.4.1. Rectifying junctions. Fig. 3.19@ illustrates energy band 
diagrams for the layers in which Q@rm > Qrp. Such a relationship 


1 The first’ transistors invented in 1948 were point-contact devices consist- 
ing of a slice of germanium and two sharp metal points resting on the slice sur- 
face. On applying voltages of opposite polarities to the points spaced 10 to 
20 wm apart, current was found to flow from one circuit to the other. 
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indicates that the probability of occupation of an arbitrary energy 
level g, if it lies in the conduction band of the semiconductor, is 
smaller than if it is in the metal. In other words, the occupancy of 
the conduction band in a semiconductor is lower than the occupancy 
of a similar energy region in a metal. Consequently as the layers 
“come” in contact, an amount of electrons wlll move from the metal 
to the p-type semiconductor. The additional electrons penetrating 


p-semiconductor n-semiconductor 
Metal Metal 





(a) 


Fig. 3.19. Energy diagrams for rectifying metal-semiconductor contacts 
(a) contact to p-semiconductor; (b) contact to n-semiconductor 


into the surface layer of the semiconductor lead to intensive recom- 
bination. This decreases the amount of majority carriers—holes— 
and uncovers the uncompensated negative ions of acceptors in the 
boundary layer of a semiconductor. The electric field so built up im- 
pedes further inflow of electrons to the semiconductor, and brings 
about the Boltzmann equilibrium in the contact region. The energy 
levels here are seen to dip downwards. 

In Fig. 3.19b are shown the band diagrams for the case where 
Orm < Qrn; here, as the layers come in contact, electrons go from 
the n-type semiconductor to the metal, thereby uncovering the un- 
compensated positive ions of donors in the boundary layer of the 
semiconductor, which causes the bands to bend upwards. 
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The region of band bending (the region of space charges) in both 
cases had commonly a length of 0.1 or 0.2 ym, as determined by 
formula (2.53). 

It is practically impossible to make a reliable junction between 
a metal and semiconductor by merely bringing them in touch with 
each other. Real contacts of this kind are at present produced by 
vacuum deposition of metal on a semiconductor slice. 

An exchange of electrons between a metal and a semiconductor is 
generally defined by the difference between the work functions rather 
than by the difference between the “initial” Fermi levels. The work 
function of a solid is the energy required for the removal (thermal 
emission) of an electron out of the crystal. On the band diagrams, 
the work function is the energy “distance” between the level of a 
free electron outside the solid and the Fermi level. In Fig. 3.19, 
the work functions for the metal and semiconductor are respectively 
denoted by ga, and gg. The difference between the work functions, 
Pars = Oar — Ps, expressed in volts, is termed the contact-potential 
difference. 

Depending on the relation between the work functions q,,; and 
@g, electrons can pass to one layer or the other. If ga; < @g (that 
is, ars < 0), electrons transfer from the metal into the semiconduc- 
tor (see Fig. 3.19a), and if p,,; > @sg (that is, a;g > 0), they move 
from the semiconductor to the metal (see Fig. 3.19b). Such a crite- 
rion is more illustrative than the one used at the beginning of the 
Section, all the more so, because the contact-potential differences 
for standard combinations of metals and semiconductors are listed 
in the specialist literature. 

The amount by which the energy bands are bent near the surface 
(see Fig. 3.19) is described by the equilibrium surface potential 
@so (see p. 59). If we ignore the role of surface states, the quantity 
so Will be equal to the contact potential difference @y,35. 

Both contacts shown in Fig. 3.19 feature depletion layers in the 
contact region of the semiconductor. Here the concentration of ma- 
jority carriers is smaller than the equilibrium concentration kept 
stable far from the contact. Consequently, this contact region has 
an increased resistivity and therefore determines the resistance of the 
entire system. Such a situation is analogous to the one which we have 
noted in dealing with pn junctions on p. 79. 

The potential barrier in the contact layer is called the Schottky 
barrier. Its height @,o is an analog of the quantity Aq, in the pn 
junction. The potential @, and respectively the contact layer resi- 
stance will vary with the polarity of externally applied voltage. 

Thus if the metal is at a positive voltage with respect to the semi- 
conductor, the potential barrier at the contact shown in Fig. 3.19a 
grows, so that the contact layer will become yet more depleted and 
thus will have an increased resistance in comparison with the resi- 
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stance typical for the equilibrium state. So, the voltage of this polar- 
ity at the given contact is reverse. At the contact displayed in 
Fig. 3.19b, the polarity of applied voltage being the same, the po- 
tential barrier will decrease, with the result that the contact layer 
will get enriched with the majority carriers (electrons) and its re- 
sistance will be smaller than the resistance in the equilibrium state. 
The voltage of this polarity for the contact in question is forward. 

Thus the contacts in Fig. 3.19 display rectifying properties and 
can serve as the basis for diodes. The diodes using the Schottky 
barrier are known as Schottky barrier di- 
odes. 

A variant of rectifying contacts is the 
contact which features an inversion lay- 
er in the semiconductor at the semi- 
conductor-metal boundary, that is, the 
layer with the opposite type of conducti- 
vity. In Subsec. 2.7.4 we have made 
mention of the possibility for the for- 
mation of such layers in MIS systems. 
Fig. 3.20 shows the band diagram of the 
contact having an inversion p-layer. 
This case is specific to heavily bent 
bands, that is, to large contact poten- Fig. 3.20. Band diagram 
tial differences, @yzs, when the electro- for a contact at which an 
static potential level traverses the Fermi ‘version layer builds up 
level near the boundary. The thickness 
of an inversion layer, as noted earlier, does not exceed 1 or 2 nm. 

The contact having an inversion layer is on the whole similar to 
the pn junction, since there are eventually two “contacting” layers 
ot the p- and the n-type. However, injection in such a structure is 
absent. Note that if the band bending is still larger than that depict- 
ed in Fig. 3.20, the Fermi level will cross the level of the “top” of 
the valence band. In this case, a portion of the inversion layer adja- 
cent to the boundary will convert to a degenerate semiconductor— 
semimetal. 


Metal | n-semiconductor 






Inversion 
p layer 


3.4.2. Schottky diodes. An important feature of Schottky diodes 
that distinguishes them from pn junctions is the absence of injection 
of minority carriers. These diodes operate, so to say, entirely on major- 
ity carriers. From this it follows that Schottky diodes are free from 
diffusion capacitance associated with the storage of minority carriers 
in and their sweeping out of the base (see p. 90). This effectively 
raises the response of the diodes with the change of currents and 
voltages, including the switching from the forward to the reverse 
condition and vice versa. The switching time here only depends on 
the barrier capacitance, and can be as small as tenths and hundredths 
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of a nanosecond in diodes of small area. The corresponding working 
ig ii at which these diodes operate lie in the range from 3 to 
5 Z. 

Another equally important feature of Schottky diodes is a sub- 
stantially lower forward voltage in comparison with the voltage at the 
pn junction. This is attributed to the fact that the J-V characteristic 
of Schottky diodes is described by the same classical formula (3.16) 
decived for pn junctions, but the thermal currents here are much 
higher since the diffusion rate D/L typical of the pn junction [see 
Eq. (3.18)] is replaced by the mean thermal velocity of carriers, 
vp. The latter quantity exceeds D/L by approximately three orders 
of magnitude. From Eq. (3.22) it then follows that the forward volta- 
ge at Schottky diodes is about 0.2 V below that at the pn junction. 
The typical values of forward voltage for Schottky diodes lie in the 
neighborhood of 0.4 V. As for reverse currents, these may range from 
10-" to 10-!2 A depending on the junction area; that is, they lie 
close to real reverse currents in silicon pn junctions, attributable to 
thermally generated current (see p. 92). 

One more feature of Schottky diodes is that their /-V characteristic 
strictly obeys exponential equation (3.16) over a very wide range of 
currents, to the extent of a few decades, for example from 10-! to 
10-* A. Hence, it is possible to use Schottky diodes as precision lo- 
garithmic elements in compliance with relation (3.22). This feature 
is also due to the absence of injection: in pn junctions, the presence 
of injected excess carriers causes a change (modulation) in base con- 
ductivity, which affects the shape of the /-V curve (see p. 91). 

Reliable Schottky barriers are produced in silicon when in contact 
with such metals as molybdenum, nichrome, gold, platinum (more 
precisely, the alloy of platinum with silicon, that is, platinum sili- 
cide), and also aluminum, which is the basic material used for me- 
tallization in ICs. That Schottky barriers have come to be popular 
only quite recently, starting from the 1970s, though the theory on 
the barrier effect goes back over 50 years, is due to the following 
reasons. First, to obtain a quality barrier, it is necessary to provide 
a “fused-in” contact rather than a pressed-on metallic contact to a 
semiconductor. It is not until the advent of the technique of vacuum 
deposition of films that such a contact has become realizable. Se- 
cond, it is necessary that the base of a diode in particular should 
have a small resistance at a sufficiently high breakdown voltage, 
though, as we know, the breakdown voltage falls off with decreasing 
base resistivity (see Subsec. 3.2.7). It has become possible to solve 


1 The rate of diffusion was defined as L/t on p. 70. Multiplying the numerator 
and denominator by LZ and substituting L? = Dt [see Eq. (2.66)] yields L/t = 
= D/L. As regards Schottky diodes, the replacement of diffusion rate by thermal 
velocity is quite natural since these diodes do not exhibit diffusion due to 
injection of minority carriers. 
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the problem only after the development of epitaxial technology (see 
Sec. 6.3), which enables the growth of a high-resistivity working 
film on a low-resistivity substrate. 


3.4.3. Nonrectifying contacts. Let the inequality @ys5 > 0 hold 
for the contact of a metal with a p-type semiconductor, and the ine- 
quality mars < 0 for the contact between a metal and an n-type se- 
miconductor (Fig. 3.21). As we already know, in the former system 


p-semiconductor n-sembeconductor 
Metal Metal 
Pu 2s 
¥em —= 
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Fig. 3.24. Energy diagrams for nonrectifying metal-semiconductor contacts 
(a) contact to p-semiconductor; (b) contact to n-semiconductor 


electrons will pass from the semiconductor to the metal, causing 
the band edges to bend upwards, while in the latter system electrons. 
will move from the metal to the semiconductor, so that the band 
edges will dip towards the surface. In such contacts a semiconductor 
becomes rich in majority carriers near the interface, which form 
enriched layers whose depth is definable by the Debye length [see 
Eq. (2.52)] and is as smal] as hundredths of a micrometer. As clear 
from Fig. 3.21, we have assumed contact potential differences to be 
very small, therefore the band bending is small and the semiconductors. 
remain nondegenerate. If we set @jrs = 0.1 or 0.2 V and over, then 
the amount of band bending will be much greater, and the Fermi 
level will cross a corresponding energy band near the boundary. 
In this region the semiconductor degenerates to become a semimetal 
of extremely low resistivity. 

Irrespective of whether or not the semiconductor becomes degene- 
rate, the presence of the enriched layer is indicative of the fact that 
the resistance of the system as a whole is determined by the semiconductor 
neutral layer and, hence, is independent of either the value or the po- 
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larity of applied voltage. Such nonrectifying combinations of a 
metal with a semiconductor are called ohmic contacts. 

Ohmic contacts are made at the points of connection of leads to 
semiconductor layers. The fabrication of ohmic contacts is the task 
of no less significance than that of producing rectifying junctions. 
An important property of an ohmic contact, apart from its two-way 
conduction is an extremely short lifetime of excess carriers. In 
the analysis of semiconductor devices, therefore, it is usual to assume 
that the concentration of excess carriers at an ohmic contact is equal to 
zero. 

The most popular metal used in modern microelectronics for ohmic 
contacts is aluminum, which is deposited by spraying on the surface 
of silicon and then “fired on” (that is, fused, or alloyed) to a small 
depth at an elevated temperature. If silicon is of the p type, alu- 
minum (being an acceptor) additionally dopes the surface layer 
during alloying and thus adds to the conductance of the ohmic con- 
tact. 

If silicon is of the n type, then in the fusion process the acceptor 
atoms of aluminum may overcompensate the host donor atoms, and 
the layer of silicon just under the surface will become of the p type. 
The resultant contact is a parasitic pn junction. The probability 
that this can be the case is higher with a lower concentration of donors, 
that is, at a high resistivity of the n-type silicon. To avoid such 
an occurrence, the surface of n-silicon in the region of contact is 
additionally doped with donors to form an n* layer where the over- 
compensation by aluminum atoms cannot take place (see p. 201). 


3.5. Semiconductor-Insulator Interface 


In Ch. 2 we have pointed out more than once that the surface layer 
of a semiconductor is a specific region with its properties noticeably 
different from those of the bulk. The surface layer has a particular 
crystal structure, contains particular (adsorbed) impurities, and 
exhibits characteristic energy levels. Consequently, the surface 
layer inherently differs from the bulk in the carrier mobility, life- 
time, and other electrophysical parameters. 


3.5.1. General characteristic of the Si-SiO, interface. Needless to 
say that the properties of a medium with which a semiconductor 
comes in contact exert an influence on the properties of its surface 
layer. An example may be the junctions (contacts) between semicon- 
ductors and metals discussed in the preceding Section. As has been 
revealed earlier, a metal present. on the surface of a semiconductor 
tends to form depletion or enriched layers. Analogous processes 
occur at the boundary between a semiconductor and a dielectric. 

Of particular interest is the boundary between silicon and silicon 


3.5. Semiconductor-Insulator Interface 113 


dioxide since the surface of all modern semiconductor ICs is pro- 
tected with an oxide layer (see Fig. 1.3). Besides, in MOS structures 
(see Fig. 2.20) based on silicon it is the SiO, layer that generally 
serves aS an insulator. Therefore, in dealing below with the semi- 
conductor-insulator interface, we shall imply that under discussion 
is the Si-SiO, structure which has the highest practical significance. 

The main feature of oxide layers (films) used in ICs is that they 
always contain donor impurities, of which the most common are 
sodium, potassium, and hydrogen. These elements are present in 
standard solutions intended for the treatment of silicon slices and 
Sid, 
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Fig. 3.22. Si-SiO, interface region structure 
(a) enriched layer; (b) depletion layer; (c) depletion layer with inversion channel 


also in glass and quartz that go into the production of vessels and 
auxiliaries employed in the manufacturing processes (see Ch. 6). 

Practical experience shows! that donor impurities typical of a 
SiO, film are concentrated near the surface of silicon. In the SiO, 
film, therefore, where it comes in contact with silicon, a thin layer 
of positive donor atoms appears, because electrons leave the donors 
and escape into the surface layer of silicon. The effect of such an 
escape of electrons depends both on the type of semiconductor con- 
ductivity and on the concentration of donor impurities in the insulat- 
or. Since the donor atoms lie in a very thin layer of the insulator, 
the volume concentration (cm~*) proves an inconvenient parameter, 
and so the use is made of the surface concentration (cm~’). The typ- 
ical values of the surface concentration of donors in silica, N gsio,, 
range from 0.5 X 10%? to 2.0 x 10% cm7-*. 

If Si has the n-type conductivity, then the electrons that have 
left the oxide for the semiconductor will enrich the Si surface layer 
with majority carriers, thereby producing what is called an n channel 
(Fig. 3.22a). If Si is of the p type, then the electrons that have come 


1 The initial impurity distribution in SiO, is nearly uniform. Then in the 
course of time, high temperature specific to basic production processes (see 
Ch. 6) causes the impurities to diffuse toward the Si-SiO, boundary because 
silicon lacks such impurities. 
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from the oxide to the semiconductor either deplete the surface layer 
e Saari ear a the negative acceptor ions (Fig. 3.22), or 
orm, along with the depletion layer, a thin inversion 

(Fig. 3.22c). n ie be 


3.5.2, Effect of the Si-SiO, interface on the parameters of pn jun- 
ctions. The channels and also depletion and inversion layers formed 
at the contact between silicon and the SiO, film have a definite and 
sometimes, considerable effect on the Operation of semiconductor 
devices and integrated elements. As to MOS structures, this effect 





Fig. 3.23. Structure of planar pn junctions near the surface 
(a) in the absence of donor impurities in oxide; (b), (c) and (d) in the presence of donor impu- 
rities 


is discussed in Subsec. 5.2.4. Consider now the Si-SiO, interface 
effect on the operation of planar pn junctions whose external regions 
extend as far as this interface (see Fig. 1.3). 

Figure 3.23a shows a “vertical” (side) section of the pn junction in 
the absence of donors in the SiO, film. Where donors are present, the 
surface depletion layer formed in p-Si (Fig. 3.22b) merges into the 
initial “vertical” depletion layer (Fig. 3.23b). The total area and 
volume of the depletion layer thus grow, entailing an increase in 
the thermally generated current according to Eq. (3.26), which is 
the main component of reverse current in silicon pn junctions. What 
favors still further growth of reverse current is a short lifetime in 
the surface layer, as evident from Eq. (3.26). 

If, along with the depletion layer, an inversion nm channel forms 
in p-silicon (Fig. 3.22c), then this channel combines with the 7 layer 
of the junction and extends it, as it were, along the surface (Fig. 3.23c). 
As in the preceding case, the resultant area of the depletion layer 
increases. But now this layer is separated from the surface by the 
conducting m channel. Thus the depletion layers’ surface portion 
noted for a short lifetime does not contribute to the thermally generat- 
ed current, and so this current proves smaller in value than in the 
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preceding case. Despite this, nm channels on the whole play rather a 
negative part. 

Indeed, an m channel located in the p layer is able to form a con- 
ducting bridge between ohmic contacts of the m- and p-layers and 
thus short out the pn junction (Fig. 3.23d). Besides, even in the ab- 
sence of the short, the horizontal (surface) portion of the depletion 
layer has a smaller thickness than the vertical portion, so the former 
stands up to a lower breakdown voltage. Last, the electrons forming 
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Fig. 3.24. Relationship between the 
donor concentration in oxide and ac- 
ceptor concentration in silicon, which 
determines the probability of inver- 
sion channel formation 
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the n channel readily fall into traps lying in the oxide and then come 
back to the channel, thereby causing fluctuations of the current 
through the pn junction. This shows up as intrinsic noise of an in- 
creased level. 

Whether the inversion layer is present or not depends both on the 
concentration of donors in the oxide film and on the concentration 
of acceptors in the junction p layer. This dependence is represented 
by the graph in Fig. 3.24. Thus, if the surface concentration of donors 
in the oxide is Ngsio, = 10’ cm~*, the channel can form when the 
acceptor concentration N, <6 x 10'* cm~->. The lower the acceptor 
concentration, that is, the higher the resistivity of the p layer, the 
higher the probability that an m channel can appear. 

As regards junction n layers, the donor impurities located in the 
oxide film, form an excess of electrons near the surface, that is, en- 
riched layers (see Fig. 3.22a). These layers play an important part in 
MOS structures (see Sec. 5.2), but are of minor significance in pn 
junctions. 


ae 


Chapter BIPOLAR TRANSISTORS 


A 


4.1, General 


Transistors are semiconductor amplifying devices, that is, the de- 
vices capable of amplifying electrical power'. There is a great var- 
iety of transistors that differ in design and structure, but by the 
principle of action they fall into two basic classes, covering respect- 
ively bipolar (junction) and unipolar (field-effect) transistors. 

The underlying mechanism of bipolar transistor operation is the 
injection of minority carriers, for which reason pn junctions are an 
inherent part of bipolar transistors. The term bipolar reflects the 
fact that both types of charge carrier, electrons and holes, partici- 
pate in the operation of transistors: the injection of minority car- 
riers is attended with the compensation of their charge by majority 
carriers (see Subsec. 2.8.3). 

The purpose of this chapter is to study the physical processes in 
a bipolar transistor and also analyze its basic characteristics and 
parameters. Unipolar transistors are discussed in the next chapter. 


4.2. Transistor Action 


The bipolar transistor is a combination of two interacting pn 
junctions connected in an opposite polarity relationship. The inter- 
action between the junctions is due to a fairly close location of one 
junction with respect to the other, at a distance that is smaller than 
the carrier diffusion length. 


4.2.1. Transistor structure. In real transistors, one pn junction 
differs substantially from the other, as is clear from Fig. 4.1a: the 
n,p junction has by far a smaller area than the np junction. Besides, 
in most transistors one of the extreme layers (namely, the small- 
area layer n,) isdoped much more heavily than the other, n,. In 
this respect, the transistor is an asymmetric device. 

The names of the extreme layers reflect the asymmetry of a tran- 
sistor: the highly doped small-area layer n, is called the emitter, 
and the large-area layer n, is called the collector. The junctions n,p 


1 It is exactly the gain in power rather than in voltage or current that makes 
a criterion Le which one can place a device into the class of amplifiers. For 
example, a transformer amplifies voltage at the expense of current or current 
at the expense of voltage, but does not amplify power, and therefore it cannot 
belong to the class of amplifying devices. 
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and np between these layers and the middle p-type layer, known a 
the base, are respectively termed the emitter and collector junctions 
The meaning of these terms is explained below. 

Each of the pn junctions of a transistor has a bottom portion and 
side portions. 

The working zone, or what is called the active zone of a transistor, 
is the region located under the bottom portion of the emitter junct- 
ion (the unhatched area on Fig. 4.4a). The hatched portions of the 
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Fig. 4.4. Structure of a bipolar transistor 
(a) real; (b) ideal, without passive regions 


structure are passive and, in a way, parasitic, but from design and 
technological considerations they make an: inherent part of the 
transistor structure (see Sec. 6.9). The passive regions may be repre- 
sented to a first approximation by the resistors connected to the 
working layers of the base and collector. 

Figure 4.1b shows the transistor’s active portion in its horizontal 
position and also the points of connection of resistors, ry, and Ps, 
representative of passive regions, the highly doped layer (emitter) 
being designated as n*. The structure presented in Fig. 4.1b serves 
as the basis for the analysis of transistors. 

The emitter junction interacts with the collector junction owing 
to a small thickness, or width, w of the base. In modern transistors, 
the base width does not exceed 1 wm, whereas the diffusion length L 
ranges from 5 to 10 wm. 

The basic properties of a transistor are determined by the pro- 
cesses taking place in the base. If the base is homogeneous (uniform), 
then the transport of carriers in it is due purely to diffusion. If the 
base is inhomogeneous (nonuniform), then, as is known (see Subsec. 
2.4.7), it exhibits an internal (built-in) electric field, so that the 
motion of carriers in the base is of the combined type; namely, the 
diffusion and drift of carriers occur in combination. Transistors 
with a homogeneous base are known as diffusion (drift-free) transi- 
stors, and those with an inhomogeneous base as drift transistors. 
The latter find at present most extensive use in integrated circuits. 
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The transistor shown in Fig: 4.1 that consists of the n-type emitter 
and collector layers and the p-type base layer sandwiched inbetween 
is known as an npn transistor. Since npn transistors play a leading 
role in microelectronics, we shall use mainly these structures in the 
subsequent analysis. Transistors with the p-type emitter and col- 
lector regions and the n-type base region, known as pnp transistors, 
also find applications. By the principle of action, the pnp transistor 
does not differ from the npn type, but its working voltages are of the 
opposite polarity and it also shows a number of quantitative distinct- 
ions. 


4.2.2. Modes of operation. In its normal mode of operation, the 
transistor has its emitter junction forward biased and the collector 
reverse biased. The emitter emits 
the electrons through the base, which 
cross it freely hardly sustaining any 
loss by recombination (since the base 
region is narrow), and enter into the 
collector region maintained at the po- 
sitive potential (see the band diag- 
ram of a transistor in Fig. 4.2). Thus, 
in the normal mode of operation the 
collector collects the minority carriers 
being injected into the base. Hence, 
the name the collector. 

It is clear that with positive pola- 
rity, collector is capable of collecting 
only electrons. It is therefore impor- 
tant that the emitter current should 
largely consist of electrons. That is 
Fig. 4.2. Band diagram for a why the emitter is doped far more heav- 
pine in normal mode of ily than the base to make the emit- 
ec ter junction one-sided (see Subsec. 

3.2.3). As for the collector junction, 
this is commonly one-sided in diffusion transistors, but as 
a rule almost symmetric in drift transistors. 

In the normal operating condition, the collector and emitter 
currents are almost equal, the small difference between the two being 
a base current. The base current makes up for the loss of majority 
carriers (holes) due to recombination, which inevitably occurs even 
if the base is very narrow, and also due to the injection of holes 
from the base to the emitter. 

The resistance of the reverse-biased collector junction is very 
high, a few megohms and over. This makes it possible to insert a 
rather large load resistance in the collector circuit without changing 
the collector current and thereby obtain a substantial power in the 
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Joad circuit. The resistance of the forward-biased emitter junction 
is, on the contrary, very small; for example, at a current of 1 mA, 
this resistance is merely 25 Q [see Eq. (3.27)]. Therefore, with the 
currents in the emitter and collector being almost the same, the 
power delivered to the emitter circuit may be by far smaller than 
the power derived in the load circuit. Hence, the transistor is able 
to amplify power, that is, to operate as an amplifier. 

Despite the asymmetry of a transistor, it is possible to interchange 
the roles of the emitter and collector by applying the forward bias 
to the collector junction and the reverse bias to the emitter junction. 
With this reverse switching, the transistor is said to be in the inver- 
ted mode or in the inverse region of operation. The transfer of cur- 
rent with the transistor operating in the inverse region is much 
worse than when it operates in the normal mode. The reasons are as 
follows. First, the electron component of the collector current is 
small due to a light doping of the collector. Second, the area of the 
real collector is much greater than the area of the emitter (see 
Fig. 4.4a), so that only a small part of electrons injected from the 
collector get into the emitter. 

A particular mode of transistor operation is the mode of double 
injection, or saturation (the origin of the latter term is explained 
in Subsec. 8.3.1). In this mode of transistor operation, the collector 
and emitter junctions are both forward biased; they inject carriers 
into the base, and at the same time each collects the carriers emitted 
by the other. 

So far we have set voltages at the emitter and collector with respect 
to the base (see Fig. 4.1b). In this case the connection of the tran- 
sistor into circuits to give an input and an output is called the com- 
mon-base (CB) connection (the transistor is said to be connected in 
a common-base configuration or in a common-base circuit). Let 
us recall that one cannot practically specify the forward voltage 
at the pn junction and it is usual practice to set the forward current 
(see Subsec. 3.2.5). Hence, the specified parameter for common-base 
transistors is the emitter current. 

The CB configuration helps reveal well the physical processes 
in the transistor; it also has some other attractive features. But 
since it does not permit current gain and has a low input resistance 
equal to the emitter junction resistance, this transistor configura- 
tion proves unfavourable for use in many applications. The transistor 
circuit connection that plays the main part in transistor engineering 
is the common-emiiter (CE) connection typical of which is the specified 
value of base current. Fig. 4.3 shows both these configurations with 
the notation and circuit symbols adopted for the npn _transi- 
stor. 

Similar connections for the pnp transistor appear in Fig. 4.4. As 
mentioned earlier, characteristic of this transistor is the reverse 
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polarity of working voltages and, thus, the opposite direction of 
working currents. 

In microelectronics, pnp transistors do not function as independent 
elements, that is, do not find use as alternatives to npn transistors 





Fig. 4.3. NPN transistor in CB Fig. 4.4. PNP transistor in CB 
aaa (a2) and CE connection ae (a2) and CE connecti- 
on (b 


in the circuits of the same class. But they have opened the way for 
complementary integrated circuits using npn and pnp transistors in 
combination. In a number of cases, such a combination of comple- 
mentary npn and pnp transistors simplifies the structure and opti- 
mizes the parameters of certain circuits. 


4.3. Carrier Distribution 


To calculate currents, voltages, and excess charges in a transistor, 
it is necessary to know the distribution of excess concentrations, 
that is, functions An (x) and Ap (x). We shall consider these func- 
tions for the main element in IC—npn transistor shown in Fig. 4.1b. 

Functions An and Ap coincide by virture of quasineutrality [see 
Subsec. 2.5.1 and Eq. (2.29)]. Therefore, the expressions below are 
given only for the excess concentrations of minority carriers. 


4.3.1. Diffusion transistor in normal operation. Under the steady- 
state conditions, the concentration of carriers injected into the base 
is described by diffusion equation (2.65), the general solution of 
which takes the form as given by (2.67). The coefficients A, and A, 
are determined from the boundary conditions which apply to the 
emitter and collector boundaries. 

In writing the boundary conditions for the transistor in normal 
operation we assume that the specified values are the value of re- 
verse voltage U, at the collector junction and the value of forward 
current J, (more exactly, its electron component J,,,) at the emitter 
junction. 

Setting |U.|> 3@,7, we find from Eq. (3.13a): An = — no. 
Since the equilibrium concentration of electrons in the p-type base 
is very small, we ignore the quantity m, and write the first boundary 
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condition in the form 
An, (w) = 0 (4.1a) 


Substituting the current density J ,,,/S in the left side of Eq. (2.57a), 
we can readily find the electron concentration gradient and thus 
the second boundary condition: 


d (Anp) — __len (4.10) 


dz |x=0 qDpS 





where D,, is the diffusion coefficient for minority carriers in the 
base. The minus sign ahead of the right member of Eq. (4.1b) reflects 
the fact that the forward (positive) emitter current in npn transistors 


Fig. 4.5. Electron distribution in the 
base of a diffusion npn transistor 





(see Fig. 4.3a) is indicative of the injection of electrons into the base, 
in which case the gradient of electron concentration must be negative 
(see Fig. 2.25). 

Using boundary conditions (4.1), it is possible to determine the 
coefficients A, and A, in general expression (2.67) and then reduce 
it to the form 





Pes L_ sinh [(w—z)/L] 
Any (2) = Ten gDpS cosh (w/L) (4.2) 
Since the inequality w < Lholdsfor transistors, the above ex- 
pression can be simplified if we resort to the relationships sinh (z)~ z 
and cosh (z) ~ 1 valid for small arguments: 
An, (2) =Ien apex (1-> (4.3) 


w 


As seen, diffusion transistors with a uniform base show an almost 
linear distribution of excess carriers (Fig. 4.5). 

Integrating the function Any (x) over the range from 0 to w and 
multiplying the integral by the area S and elementary charge q 
yields the expression for the excess charge in the base: 


AQy = Ten (w*/2D ») (4.4) 
As clear from the formula, the excess charge is proportional to the 


emitter current and decreases at the given current as the base thick- 
ness becomes narrower. 
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We now turn to the distribution of holes injected from the base 
into the emitter. Because the emitter layer is much thicker than the 
base region, the former has w, much greater than L,, where w, is 
the emitter layer thickness and L, is the diffusion length of carriers 
(holes) in the emitter layer. Given this inequality, the excess car- 
rier distribution will be the same as in the base of infinite thickness, 
that is, exponential in form (see Fig. 2.25). Replacing in Eq. (4.2) 
the electron component J,, by the hole component J.p, the concen- 
tration An, by Ap,, and assuming w — oo, we get 





L 
Ape (£) =Tlep 7D. e-*/Le (4.5) 
The distance x here is counted off from the emitter boundary into 
the emitter bulk (dash line in Fig. 4.5). The relation between the 
boundary concentrations An, (0) and Ap, (0) is determined by Eq. 
(3.14). 

Let us integrate Eq. (4.5) between the limits x = 0 and x = oo 
and multiply the result by S and g. Considering Eq. (2.66), we then 
obtain the excess charge in the emitter 


AQe = Tepte (4.6) 
where t, is the lifetime of minority carriers in the emitter layer. 


4.3.2. Drift transistor in normal operation. The concentration of 
carriers in a nonuniform base is described by continuity equation 
(2.79). For the first boundary condition we can use expression (4.1a): 


Any (w) = 0 (4.7a) 


In writing the expression for the second boundary condition, we 
take account of the fact that the current /,, in the drift transistor 
is the sum of the diffusion and drift components. We now sum up the 
current densities given by (2.56a) and (2.57a) and equate the result 
to I.,/S. Next substituting the field strength E given by (2.77) and 
using (2.58), it is easy to reduce the second boundary condition to 
the form 


d(Ans)|  __ Ano (0) _ Ten 


dz |x=0 In qDpS 








(4.78) 


where Ly is the average depth of base doping [see Eq. (2.75)]. As 
for the minus sign placed in front of the right-hand member of Eq. 
(4.7b), the explanation is the same as for Eq. (4.1b). 

In its general form, the expression for An, (x) determined under 
the boundary conditions as given by Eqs. (4.7) proves too complex 
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and nonillustrative. It becomes much simpler at w< L. In this case 


2 f1—exp [ —2n(1-=) ] 


Ans (2) =Ten ops oh 
where y = w/2L y. 

The quantity y may be presented in a more descriptive form if 
we use Eq. (2.75). Substituting z = w and taking the logarithms 


of both sides gives 


(4.8) 


n = 1/2 In IN, (0)/Ny (v)) (4.9) 


where N, (0) and N, (w) are impurity concentrations at the emitter 
and collector boundaries of the base. The greater the difference be- 
tween the impurity concentrati- 
ons, the greater the value of n, for © © 
which reason this quantity is cal- 
led the coefficient of base inhomoge- 
neity'. The typical values of y used 
in practice lie between 2 and 3. 
Figure 4.6 shows the carrier dis- 
tribution given by Eq. (4.8), the 
graphs being plotted toa relative 
scale. The unit of scale taken here 
is the boundary concentration of 
carriers in a diffusion transistor 
[see (4.3)]: 


Any (0) = Ten (w/gD2S) 


where the subscript D denotes 
the diffusion nature of the carrier 
motion. It is seen from Fig. 4.6 that as n grows, the carrier distri- 
bution in the base of a drift transistor becomes increasingly non- 
linear. Given the same values of emitter current, the drift transistor 
has a considerably smaller excess concentration than the diffusion 
transistor. 
Integrating the function (4.8) and multiplying the result by S 
and g, we get the excess charge in the base: 
w? (2n—1-+e727 
Qs = Len 35 ( ——) (4.102) 
The composite function enclosed in the brackets approximates well 
to a simple function (n + 1)-1, and thus the excess charge assumes 
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Fig. 4.6. Electron distribution in 
the base of a drift transistor 


1 In Subsec. 2.8.4 we considered the motion of carriers in an inhomogeneous 
semiconductor, but for other boundary conditions: the layer thickness was 
assumed infinitely large and the carrier concentration at the emitter boundary 
specified; the latter condition is equivalent to the specified voltage at the 
junction, as seen from (3.13a). The relation between the field coefficient 0 
[see (2.78)] and the base inhomogeneity coefficient has the form n = 0 (w/Z). 
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the form 
AQpy = Len [w2/2 (n + 1) Dy (4.10b) 


The distribution of holes injected from the base into emitter is 
shown in Fig. 4.6 by a dash line. This distribution and the corres- 
ponding excess charge can be evaluated by Eqs. (4.5) and (4.6). 


4.3.3. Transistors in inverse and double injection operation. In the 
inverse region of operation the distribution of carriers both in the 


Fig. 4.7. Electron distribution in the 
base of a_ diffusion transistor in in- 
verse mode of operation 





base and collector of the diffusion transistor having a one-sided col- 
lector junction, turns out to be practically the same as in the normal 
operating mode (see Figs. 4.5 and 4.7). 

As regards drift transistors, the inverted mode of operation brings 
about a qualitatively different distribution of carriers in the base. 
The reason is that the base field proves retarding rather than acce- 
lerating for the electrons injected from the collector. Changing the 
sign of y in (4.8), we obtain the excess carrier distribution in the base: 


z 

» _ [2n(t—<5) |=4 
en qDpS 2 

where /,, is the electron component of collector current, the coordi- 
nate x being counted off from the collector to the emitter. The cor- 
responding curves of carrier distribution appear in Fig. 4.8. Compar- 
ing Fig. 4.8 with Fig. 4.6, we see that the excess concentrations in 
the drift transistor operating in the inverse region are much higher 
than they are in the diffusion transistor. The excess charges are 
likewise larger in the drift transistor. Reversing the sign of y in (4.10a) 
we obtain the excess charge in the base: 


w2 e2N_2n—14 
cn BD, an? 


An, (x) =I 





(4.11) 


AQ, =I1 


For the excess concentrations and charges in the collector, Eqs. 
(4.5) and (4.6) can hold if we change the subscripts e for c. Since the 
collector junction in drift transistors is almost symmetric, the boun- 
dary concentrations of electrons and holes, according to (3.14), are 
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almost equal (see the dash line in Fig. 4.8). The electron and hole 
components of the collector current and also the excess charges in 
the collector and in the base must then be comparable in value. 





Fig. 4.8. Electron distribution in the 
base of a drift transistor in inverse ——- 
mode of operation t/w 4 24 0 


With the transistor operating in the double injection mode in 
which both the emitter and collector junctions are forward biased, 
the distribution of excess carriers in the base may approximately 





Fig. 4.9. Electron distribution in the base of a transistor operating in the double 
injection mode (dash lines are the components representative of the normal and 
the inverse mode of operation) 


(a) diffusion transistor; (b) drift transistor 


be estimated by summing up the distributions specific to the normal 
and the inverted mode of operation (Fig. 4.9). In diffusion transistors 
(Fig. 4.9a) the distribution is trapezoidal in form, and the excess 
charge is much larger than in normal operation. As to drift transistors 
(Fig. 4.96), the resultant carrier distribution and excess charge are 
close in value to the carrier distribution and excess charge character- 
istic for inverse operation. 
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The total excess charge stored in all the three layers of a transistor 
can be expressed through the base current. Indeed, the current J, 
is nothing but the rate of growth of the positive charge in the base. 
Under the steady-state conditions the base neutrality will keep stable 
if the rate of positive charge buildup is equal to the rate of decaying 
of this charge. A decrease in the hole concentration is due, first, to 
the injection of holes into the emitter and collector (for the general 
case of double injection) and, second, to the process of recombination 
in the base. The equality of the rates of positive charge buildup and 
decay in the base may be written in the form 


Ty = Tep t+- Iep + AQp/ty 


where J,, and J,p are hole currents in the emitter and collector 
respectively, and t, is the lifetime of carriers in the base. 

Using Eq. (4.6), it is easy to express the hole currents J, and I cp 
in terms of the excess charges AQ, and AQ, and the respective life- 
times tT, and T,. If, for simplicity, we assume the lifetimes in al] the 


three layers of a transistor to be the same and equal to t, then the 
total excess charge will be related to the base current by the ele- 


mentary expression 
AQ = Ipt (4.12) 


With the lifetimes in the three layers being unequal, the total 
charge yet remains proportional to the base current, though the 
expression becomes too awkward. Where the charges AQe and AQ, 
can be neglected, expression (4.12) can apply in the analysis of excess 
charge in the base. 

To this point we have dealt with an idealized transistor structure 
of Fig. 4.1b. In the real structure of Fig. (4.1a), the area of the col- 
lector junction is substantially larger than the emitter junction 
area. Therefore, with the transistor operated in the inverted mode, 
the collector injects electrons not only in the active but also in the 
passive region of the base. The total charge stored in both portions 
is certainly larger than in the case of normal operation. 

Since the passive part of the base is much thicker than the active, 
whereas the boundary concentrations of excess electrons are equal, 


Fig. 4.10, The trajectories of ele- 
ctrons injected into the base in 
the normal region of operation 
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the carrier distribution in the passive region proves more sloping. 
The difference between the carrier distributions gives rise to the 
electron concentration gradient at the boundary between the active 
and passive regions of the base. The result is that a fraction of elec- 
trons injected into the passive region from area S, (Fig. 4.10) deflect 
from the straight trajectory and get into the side region of the emitter 
rather than reach the surface. In this case the problem dealt with in 
the analysis becomes other than one-dimensional and much more dif- 
ficult. All the same, formula (4.12) remains adequate for determin- 
ing the total charge of excess carriers in active and passive portions 
of the base. 


4.4, Current Gain 


In conventional transistor circuits, the output quantity (controlled 
variable) is either the collector or emitter current, and the input 
quantity (controlling variable) is either the base or emitter current. 
The relations between output and input currents are described by 
amplification factors. 


4.4.1. General definitions. The relation between the collector and 
the emitter current may be written in the form! 


I, =al, (4.13) 


Here a@ is the emitter current gain which is one of the basic paramet- 
ers of a transistor. This parameter is particularly suitable for use in 
cases where the emitter current can be regarded as a specified value, 
for example, in transistors connected in a CB circuit (see Fig. 4.3a). 
The value of alpha is very close to unity. In integrated circuit tran- 
sistors, it commonly ranges from 0.990 to 0.995. 

To establish the relation between the collector and base currents, 
we substitute in Eq. (4.13) the expression for J, = J, + J,. The 
sought-for relation then readily reduces to the form 

I,= Bl, (4.14) 
Here B is the base current gain 
B=a/ (4 — a) (4.15) 
This parameter, being in widespread use in transistor engineering, 
is particularly applicable where the base current is a set value, first 
of all for transistors in the CE configuration (see Fig. 4.3b). The cur- 
rent gain B commonly lies in the range from 100 to 150. This factor 
grows aS @ approaches unity. 

1 If J, = 0 (with the emitter circuit open), the reverse current flows in the 

circuit of the reverse-biased collector. For this reason, the right side of (4.13) 


should contain the summand Lg given by (3.24). But since it is much smaller 
even at high temperatures than the operating currents, Jg may be neglected. 
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Let us write the alpha in the form 


Each of the two multipliers on the right of the equation has its own 
physical meaning and bears its own name. 
The first factor 


= Delle aos Jeal (len + IT ep) (4.16) 


is called the injection ratio, or emitter injection efficiency, which 
determines the amount of the useful (electron) component in the 
total emitter current. Note that here we consider the npn transistor. 
In the pnp transistor, the useful component is the hole current. As 
pointed out earlier, it is only the electron component of current 
that is able to reach the collector and form the collector current. 
The second factor 
x% = I/D en (4.17) 


is called the transport factor, which gives the fraction of injected 
carriers that have escaped the recombination on their way to the 
collector. It is only these carriers that make up the collector current. 

So, the common-base current gain may be written in the form 


a = yx (4.18) 


Since the parameter a plays a dominant role in transistor operat- 
ion, we shall consider its components in more detail. 


4.4.2. Transport factor. To find the factor x from (4.17), it is 
first necessary to calculate the current J,. For diffusion transistors, 
distribution equation (4.2) can do for the purpose. For this we determ- 
ine the concentration gradient at x = w, substitute it into (2.57a) 
and then multiply the result by the junction area S to find the cur- 
rent J.. Next, from (4.17) we get 


1 


WwW 
sok wy sech —- (4.19) 


We have omitted the minus sign here because the positive direction 
of current J, (see Fig. 4.3a) corresponds to the negative gradient of 
electron concentration. Eq. (4.19) is one of the fundamental expres- 
sions used in the theory of transistors. 

Considering that w< L, it is possible to expand the right side of 
(4.19) into a series to within first two terms and obtain a more con- 
venient expression 


1 
*= TEE wie oa 
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Since the second term in the denominator is much less than unity, we 
can avail ourselves of one more approximation: 


“x=1—1/2 (4) (4.20b) 


Thus if w/L = 0.1 or 0.2, then x = 0.980 to 0.995. 

Expressions (4.20) clearly sliow that the transport factor comes more 
closely to unity as the dijfusion length increases and the base width nar- 
rows. As will be shown later, however, an increase in the diffusion 
length, that is, lifetime [see Eq. (2.66)] impairs the frequency cha- 
racteristics of a transistor. That is why the main trend today in tran- 
sistor technology is toward a decrease in the base width. 

In drift transistors, the transport factor is derived in a similar 
manner and its expression has a similar structure: 


ce) (=) 
or 
1 w \2 


These expressions differ from (4.20) in that they have an additional 
factor (7 + 1)7! used earlier in (4.10b). Thus, while the diffusion 
transistor has x = 0.980 to 0.995, the drift transistor has x = 0.995 
to 0.999, with the base width being the same and y equal to 3. From 
the physical viewpoint, an increase in the transport factor of drift 
transistors stems from the fact that carriers move faster in the acce- 
lerating field and have a less chance to recombine. 


4.4.3. Injection efficiency. Divide the numerator and denominator 
in the right side of Eq. (4.16) by J,,. Further, substitute the currents 
I, and 1,, from Eqs. (4.5) and (4.8), setting x = 0, and replace the 
ratio Ap, (0)/An, (0) by the ratio N,/N,. according to (3.14). The 
injection efficiency for a drift transistor will then take the form 


= De w Np 1—e720)~! 


At y > 1, the exponential term may be disregarded. For diffusion 
transistors, assuming 1 = 0, we can write 











ee De w Nyz\-! 
ve(14+ 32-242) ee) 


It is apparent from the formula that the injection efficiency comes 
more closely to unity with a decrease in the base width and an 
increase in the difference between the boundary concentrations of 
impurities in the emitter and base layers. It is customary to dope 


9—0128 
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the emitter as heavily as possible, so that it generally turns to a semi- 
metal. The calculated values of y can in this case be as high as. 
0.999 9 and even more. 

Formulas (4.22) are derived on the assumption that the currents 
I, and J,» are purely of the injection origin and thus the recombi- 
nation loss of carriers in the emitter junction region does not occur. 
In the microampere range, that is, at very small currents, such an 
assumption is not justifiable and the recombination in the space 
charge region has to be reckoned with. In this case, as seen from 
Fig. 3.9, the relation between the electron and hole components of 
the emitter current changes in favor of the hole component. In other 
words, the injection efficiency diminishes. 

The fact that recombination becomes noticeably intensive just 
at low currents is due to the following. The carrier loss by recombi- 
nation depends on the junction volume and thus is comparatively 
consistent. So, while the role of this loss seems insignificant against 
the background of heavy carrier flows, with a decrease in the flow 
of carriers this role grows in importance. A large share of recombina- 
tion loss goes to the surface layer. Consequently, the degree of surface 
finish has a crucial influence on the injection efficiency in the range 
of small currenis. 

The injection efficiency, the recombination in the emitter junction 
being allowed for, commonly varies from 0.990 to 0.997 in the 
normal current range, and from 0.980 to 0.985 in the pA-range. 


4.4.4, Current gain in normal and inverse region of transistor ope- 
ration. If we multiply the transport factor [Eq. (4.21a)] by the in- 
jection efficiency [Eq. (4.22a)], neglecting the second-order term, 
and expand the result into a series to within first-order terms, 
we can find the common-base current gain: 


Spee Sf Be ee te 
@=1—- Jap Gr, ) (4.23) 


Substituting the product of (4.21a) and (4.22a) into (4.15) and 
omitting the second-order term gives the common-emitter current 
gain. Let us write it in the form 


re w\2, De w Ny 1—e720 
etary (a) tei, 





Relation (4.24) allows us to arrive at the following conclusions: 
(a) the current gain of a transistor grows with decreasing base 
width; , 
(b) at a comparatively large width of the base, the transport 
factor plays a dominant role, while at a fairly small base width the 
prevailing factor is the injection efficiency; 
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(c) other things being the same, the current gain of a drift tran- 
sistor is higher than that for a diffusion transistor. 

The current gains for a transistor in the inverted mode of opera- 
tion are not amenable to strict analysis because the processes of 
carrier motion in this case are two-dimensional (see Fig. 4.10). 
Many carriers injected from the collector into the passive region 
fail to get into the emitter, and recombine in the base layer and 
at the surface. For this reason, the inverse transport factor x, de- 
pends to a large extent on the ratio of emitter area S, to collector area 
S, + S, + S3, and can be much smaller than unity. If the col- 
lector junction is nearly symmetric, the inverse injection efficiency 
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Fig. 4.11. Current gain versus collector current (a) and collector voltage (b) 


yz will be small too. Under such conditions, the inverse current 
gain a, can be as small as 0.5 and less even in diffusion transistors. 
In drift transistors, a, is lower still due to the braking effect of the 
field. 

Note, however, that inasmuch as a fair fraction of carriers injected 
into the passive region of the base yet reach the emitter through 
its side surface, it is advisable to use in the calculation of the factor 
“, a certain effective area S, + S, rather than a much smaller 
emitter bottom area S, alone. The estimate in this case will cer- 
tainly be higher. On the other hand, one should keep in mind that 
the path the electrons travel until they reach the lateral face of the 
emitter is longer than w. This is the cause of decrease in x; as evident 
from Eq. (4.20). 

Thus, the inverse parameters a, and B, are always lower than the 
normal parameters. Depending on the structure of a transistor, 
however, these parameters can vary in magnitude over a rather 
wide range. For example, B; does not commonly exceed 0.5-4.5, 
whereas in special structures it runs as high as 5 to 10 and above. 


4.4.5. Current gain versus temperature and operating conditions. 
The current gain @ and B depend on the transistor operating point 
(that-is, on the collector current and collector voltage) and also 


Q* 
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on temperature. The graphs of the beta values as a function of 
collector currents and voltages appear in Figs. 4.41 and 4.42. 
The current gain fall-off in the region of small currents results 
from a decrease in the injection efficiency caused by recombination 
in the emitter junction (this fact is given due consideration in Sub- 
sec. 4.4.3). In the region of large currents (not typical of ICs), the 
dip of the B = J, curve is due to an increase in the base conducti- 
vity at high concentrations of excess carriers. This case is equiva- 
lent to a growth of impurity concentration in the base, which, 
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according to (4.22), leads to a decrease in the injection efficiency. 
In analytical form, the B-J, relation’ in the region of small 
currents can be written thus 


ae 
B.=B, / 42 (4.25) 


where B, corresponds to J,,, and B, to J... The index M isa specific 
parameter characterizing the degree of the physical and technologi- 
cal perfection of a transistor and its capacity to operate in the 
microampere range. At present it is safe to assume M approximately 
equal to 6, which means that B is weakly dependent on current. 
Until very recently, the values of M were commonly around 3 and 
even 2. If we set J,,/I,, ~ 10-3, then B, ~ 0.3B, at M = 6; at 
M = 2, B, is smaller by one order of magnitude. 

The B = V, relation is dependent, first, on the Harly effect which 
makes itself felt at different voltages, however small, and, second, 
on the near-breakdown phenomena appearing in the collector junc- 
tion at sufficiently high voltages. 

The Early effect shows up as follows. Changes in the reverse 
collector voltages tend to change the collector junction width J, 
see (3.9) and (3.10), which in turn causes variations in the base 
thickness w: if the collector junction widens, the base narrows, and 
vice versa (see Fig. 4.2). In the worst case, Aw = —AI,. The base- 
width modulation affects a number of transistor parameters, so 
the Early effect has often to be taken account of. 

As the voltage V, grows, the base thickness decreases on account 
of the Early effect and, hence, the gain B rises according to Eq. (4.24). 
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When V, approaches the breakdown voltage, the collector current 
and thus the current gain increase still more heavily as a result of 
impact ionization in the collector junction (see Subsec. 3.2.7). 
For this range of voltages, the current gain can be written in the 


form 
B = Ma/(4 — Ma) (4.26) 


where M is the impact ionization coefficient. 

Given Ma = 1, when B- oo, a specific type of breakdown 
sets in which is typical for the CE connection of a transistor when 
operated at the specified base current. Equating expression (3.29) 
for M to 1/a, we can easily obtain the voltage at such a breakdown 
(see Fig. 4.11): 


Va=Vyil/ 1—a@ (4.27) 


The breakdown voltage Vg is much smaller than the avalanche 
breakdown voltage V a, specific to CB connection (when the transistor 
operates at the preset emitter current). For example, if a = 0.99 
and n = 3, then Vp = 0.2 Vuu- 

A breakdown can arise not only from avalanche ionization but 
also as a result of base narrowing due to the rise of collector voltage 
(the Early effect). If the collector junction expands so that the base 
width becomes equal to zero, the transistor junctions will join 
together and the current will freely flow from the emitter to the 
collector, thereby causing the breakdown. This effect is known as 
the reach-through (punch-through) effect, and the voltage at which 
this effect takes place as the reach-through (punch-through) voltage. 
Using Eq. (3.10) for analysis, we can write the punch-through vol- 


tage in the form 
Vo = (GN 2/28 8) w? (4.28) 


where N, is the impurity concentration in the base, and wp is the 
base width at V, = 0. This type of breakdown is specific to tran- 
sistors with a very thin base, Thus, if Ny = 10'* cm and wy = 
= 0.7 pm, then V, = 3.5 V. 

The gain B-temperature relation is mainly determined by the 
lifetime-temperature dependence +t (7). The lifetime grows with 
temperature (see Fig. 2.48b) and so does the diffusion length Ly, 
bringing about an increase in the gain B as follows from Eq. (4.24). 
Besides, an increase in the lifetime retards the process of recombi- 
nation in the emitter junction and thus promotes further growth 
of the emitter injection efficiency and the current gain B. 


4.5. Static Characteristics 


Proceeding from the fact that. the bipolar transistor is an arrange- 
ment made up of two oppositely connected pn junctions, we 
can represent it by an equivalent circuit, or physical model (analog). 
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Fig. 4.13 shows one such model most extensively used in dc tran- 
sistor circuit analysis and known as the Ebers-Moll model. 


4.5.1. Ebers-Moll model. This model characterizes only the active 
portion of the transistor. The addition of resistors to the model, 
representative of the passive regions of the hase and collector (see 
Fig. 4.1b), would make the equivalent circuit too complicated for 
use and less illustrative. 

The Ebers-Moll model reveals well the reversibility of a transis- 
tor—the principal equality of its two junctions. This equality is 





Fig. 4.13. Ebers-Moll model of a bipolar transistor 


particularly evident in double injection operation of a transistor 
with its two junctions biased to the forward condition. In this 
mode of operation, each of the junctions both injects carriers into 
the base and collects carriers travelling from the other junction. 
The currents of injected carriers are designated as J, and I,, and 
the currents of collected carriers as ayJ;, and a;J,, where ay and 
@, are the dc current gains in the normal and inverse regions of 
operation respectively. The currents a J, and a,J, in the model 
under discussion are provided by current sources (generators)'. 
Write the relationships proceeding from the model of Fig. 4.13: 


jd ee (4.29) 
I, =ayl, —TI, (4.29) 


We assume that the J-V characteristic for each pn junction is des- 
cribed by Eq. (3.16), in which case 


I, =Itq (0 el ?r — 1) (4.30a) 
I, = Igp (eV? — 4) (4.30b) 


1 The current source or current generator is a concept widely employed in 
circuit theory.’ This is a dual analog of the emf source or emf generator. An ideal 
emf source has zero internal impedance, while an ideal current source has infi- 
nite internal impedance: it “rigidly” sets the current in the circuit of whatever 
impedance. 
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where Ig) and J¢,) are thermal currents at respective junctions. 
Each of these currents can be measured by setting the reverse vol- 
tage |V | > 3,7 at one junction and short-circuiting the other. 
In practice, however, it is usual to measure thermal currents through 
one junction keeping the other open. The respective symbols for the 
currents are Ig, and Ig. 

On the strength of Eqs. (4.29) we can easily establish the relation- 
ships between thermal currents measured in the open-circuit and 
the short-circuit condition: 


, I 

ale marr (4.344) 
, I 

1 ee (4.340) 


It is the quantities J,, and J.) which one usually refers to as thermal 
currents in transistor Junctions. 

Substituting the currents J, and J, from (4.30) into (4.29), we 
find analytical expressions for static (dc) I-V characteristics of a tran- 
sistor: 


I, = Tig (eV °F — 1) — cry T gg (0 0/9 T — 4) (4.32a) 
I, = OyLtg (eV 6/7 — 1) — Ii, (ee? F — 4) (4.32b) 


The difference between J, and J, readily gives the base current 
written as 


I, = (1—ay) Teg (02°? — 1) + (1-24) iq (0%? —1) (4.32) 


Expressions (4.32) are known as the Ebers-Moll equations. They 
represent the mathematical model of a bipolar transistor and are 
valuable in the analysis of its behavior from the active to the satu- 
ration region. 

It should be pointed out that in Eqs. (4.32) forward voltages are 
considered to be positive, regardless of the fact that in npn transis- 
tors the polarity of forward voltages at the emitter and collector 
is in fact negative with respect to the base. Besides, one should 
keep in mind that the parameters J¢, and Icy of Eqs. (4.32) are 
precisely thermal currents given by (3.17) rather than junction reverse 
currents which heavily exceed thermal currents in silicon transis- 
tors. It is only if both the junctions are reverse biased that formu- 
las (4.32) become invalid. In this case the reverse currents should 
be estimated with due regard for the thermally generated current 
described by (3.26). 

It can be proved that the relation 


Anleg = Ar] co (4.33) 


holds for transistors. This condition permits us to simplify some 
formulas obtained on the basis of Eqs. (4.32). 
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4.5.2. CB characteristics. As known, the independent variables 
for the transistor arranged in a common-base configuration are the 
emitter current and collector voltage. The CB characteristics, there- 
fore, are the functions J, ([,, V.) and I, (V., V.) represented by 
the families of curves. One such family representative of the func- 
tion J,(V.) with the parameter J, (Fig. 4.14a) is known as the 
set of output or collector characteristics. The second family of curves 
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Fig. 4.14. DC output (a) and input (b) characteristics for a transistor in CB 
configuration 


which are the plots of the function J, (_V.) with the parameters V, 
(Fig. 4.14b) is the set of input or emitter characteristics. Both sets 
of curves are readily calculated from (4.32) and written in the form 





I= yl,—Ieq (e¥/*T — 4) (4.34) 
Ve=orln [424 1+ay (ePe*r—4)] (4.35) 
e0 


The set of emitter characteristics of (4.35) is given as the function 
V. (I-) since the specified value (argument) is the emitter current. 

Figure 4.14a clearly illustrates two sharply different regions of 
transistor operation: the normal active region corresponding to reverse 
voltages across the collector junction (first quadrant) and the 
double injection (saturation) region corresponding to the forward 
voltage on the collector junction (second quadrant). The active 
mode of operation is specific to amplifying circuits, and the double 
injection mode to switching (pulse) circuits. 

For the active mode, formulas (4.34) and (4.35) become simpler 
because at | V.| >> 3,7 the exponential terms disappear. If, in 
addition, we ignore the current J., and the quantity 1— ay, 
Eq. (4.34) takes the form of (4.13): 


I,-=ayl, (4.36a) 
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and Eq. (4.35) assumes the form of (3.22): 
Ve = O7 In (I e/Teq) (4.36}) 


From Eqs. (4.36) it follows that in the active region the collect 
voltage does not affect either the input or the output characteristit. 

This conclusion is true for most of the practical cases. But in 
principle both the collector current and emitter voltage depend 
somewhat on the collector voltage. This means that the outpit 
characteristics of Fig. 4.14a have a finite slope determinable by the 
collector junction resistance given by Eq. (4.42), and the input 
characteristics shift somewhat with changes in collector voltag 
(see Fig. 4.14b). The cause of these influences is the Early effect 
described in Subsec. 4.4.5. The degree to which this effect causs 
the output characteristics to incline is discussed in Sec. 4.6. 4s 
concerns the shift of input characteristics, the Early effect shovs 
up as follows. A change in collector voltage causes a change in the 
base width. Since the emitter current and thus the carrier concentr- 
tion gradient are specified, the variation of the base width leads 
to a variation of the boundary carrier concentration (see Fig. 4.5), 
As evident from (3.12), this inevitably entails a change in the vdl- 
tage across the junction. 

Since Eq. (4.36b) has the same structure as general expression 
(3.22), it is reasonable to state once again what we have said in 
Subsec. 3.2.5: in the working range of currents the voltage V, remain 
almost invariable, so that it can be regarded as a parameter V* jr 
a Silicon transistor. The voltage V* is equal to about 0.7 V in the 
normal current range (0.1 to 1 pA) and to about 0.5 V in the micn- 
ampere range (1 to 10 pA). The temperature sensitivity for emitter 
voltage is determined by Eq. (3.23) and ranges from —1.5 mV °C! 
to —2mV °C-! for silicon transistors. 

A feature typical of the double injection mode is the collector 
current drop at an invariable emitter current. This is the result of 
counter-injection from the collector [see the second term on tle 
right of Eq. (4.34)]. It should be noted that in silicon transistos 
a noticeable drop in J, sets in at sufficiently large forward voltages\, 
rather than at V, = 0. The reason is that the silicon pn junction 
(the collector junction for the case in hand) goes fully conductiy 
only at forward voltages V* — 0.1 V, that is, at 0.4 to 0.6 V (se 
Subsec. 3.2.5). Till this takes place, the second term on the right 
of Eq. (4.34) remains negligible and the collector current stays it 


ant. 


4.5.3. CE characteristics. For CE transistor configuration (s 
Fig. 4.3b), the independent variable is the base current. Therefor, 
the output (collector) characteristics represent the function J, (Ip, V;, 
and the input (base) characteristics are the function J, (Vz, Va). 
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These characteristics. shown in Fig. 4.15, are not difficult to cal- 
culate using the Ebers-Moll equations. The main feature of the 
output characteristics is that they lie entirely in the first quadrant. 

Estimate the voltage at which the collector current starts to 
decay. For the double injection operating condition, we can write 


Vee=Ve—Ve (4.37) 


where V, and V, are understood to be forward voltages. Formally, 
the edge of the active region lies at V. = 0, and so the output vol- 
tage according to (4.37) is still rather high and equal to the voltage 
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Fig. 4.15. DC output (a) and input (b) characteristics for a transistor in CE 
configuration 


across the forward-biased emitter junction: V,,= V* = 0.7 V. 
A noticeable drop in current becomes evident only when the forward 
voltage V, reaches the value V* — 0.1 V (see Subsec. 3.2.5). 
The output voltage is then V,, = V* — (V*¥ — 0.14 V) 20.1 V 
(Fig. 4.15a). 

A minimum value of output voltage is seen to be at zero collector 
current (Fig. 4.15a). To determine the value of Vee min, we resolve 
the system of equations (4.32b) and (4.32c) for voltages 


Ve= or In[ nes +1] (4.382) 
V.=971n [ seen) te +1] (4.38) 


Further, if we neglect the ones in the brackets, substitute V, and V, 
in (4.37), and use (4.33), we obtain the output voltage in the general 
form ‘ 

Vee = Or In [ ~2eietC— an) fe _| (4.38¢) 


aanly—(1—ay) Ie 
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Assuming J, = 0, we find the minimum output voltage: 
Vee min — @Pr In (1/a 7) (4.39) 


The voltage Vee mim is very small. Thus if a, = 0.5 (at which 
By = 1), Vee mm ¥ 90.7 gr 15 mV. 

The slope of the J-V curve for the CE transistor configuration is 
much greater and the resistance that defines this slope is much smal- 
ler than is the case for the transistor in a GB connection. This is 
because the increment AV, partially drops at the emitter junction 
according to Eq. (4.37), bringing about an increment AV, and 
thus AJ,, so that the current /, grows additionally. In the near- 
breakdown region, the slope of the J-V curve climbs up fast. The 
breakdown voltage of a transistor in CE configuration is smaller 
than that for a common-base configuration [see Eq. (4.27)]. 

In conclusion let us note an important feature of the base current. 
As evident from Eq. (4.32c), in the normal active region, that is, 
at | V. | > 3,7, the base current can be written as 


I, =I, (eve? —1) (4.40a) 


where I, = (1 — ap) J¢9. Considering the recombination in the 
emitter junction and at the surface, however, the real current in 
the base takes a somewhat different form (see the dash line in 
Fig. 4.150): 


I,=I, (eer —4) (4.400) 


where m > 1. The quantity m that determines the difference between 
the real and the ideal current is called the m-factor. This parameter 
is highly suitable for the estimation of emitter junction performance 
along with the level of intrinsic noise, stability, and reliability 
of a transistor. The m-factor is naturally related to the index M 
in (4.25) since M characterizes the same range of phenomena, but as 
applied to the injection efficiency. The relation between m and M 
is: M = m/(m — 1). An increase in M noted above is due to a dec- 
rease in m-factor from 2 down to 14.2. 


4.6. Small-Signal Circuit Models and Parameters 


In a large class of the so-called linear electronic circuits, transistors 
operate in a specific mode such that small ac signals add to compara- 
tively large dc components. It is just these ac signals that are of 
main interest in these circuits. 

Write voltages and currents in the form 


V=V°+ AV; IT=I°+ Al 


where V° and J° are dc components, and AV and AI are ac compo- 
nents much smaller than de components. 
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Direct and ac components are analyzed and calculated separately. 
In the analysis of direct components we have used the Ebers-Moll 
nonlinear physical model. For the analysis of ac components, the 
use of a nonlinear model is meaningless because the relations among 
the small increments are determined not by the functions proper but 
by their derivatives. For example, a small increment in emitter 
current is related to small increments in emitter and collector volta- 
ges by the expression 
Ole Ole 
Al e— Ve We 


where I, (V., V.) is the function given by Eq. (4.32a). For this 
reason the analysis of ac components relies on special small-signal 


AVe+ AV, 


Fig. 4.16. Small-signal circuit model 
for a transistor in CB configuration 





circuit models, or equivalent circuits, consisting of linear elements. 
These represent the derivatives which interrelate small increments 
of currents and voltages. 

For a transistor having its emitter current as a parameter (the 
condition typical of the CB configuration), it is easy to derive the 
small-signal equivalent circuit from Fig. 4.13 substituting emitter 
and collector diodes by their incremental resistances. Since in 
linear electronic circuits the mode of double injection is impermis- 
sible, we can exclude the current source a,;/, from the circuit. 
On the other hand, the addition of the base layer resistance does 
not complicate the small-signal circuit, so we include the resistance 
rp into the model. It would also be possible to allow for the collector 
series (bulk) resistance, but its role is insignificant. So the small- 
signal (and, in addition, low-frequency) equivalent circuit of the 
transistor with the specified emitter current takes the form like 
La shown in Fig. 4.16. Capacitances C, and C, will be covered 
ater. 

The positive direction of emitter current is chosen arbitrarily 
since the increment AJ, can be of any sign. The symbol A is omitted 
for simplicity. 

Note that the current gain a (with the subscript N omitted) in 
the small-signal model is a differential (dynamic) rather than an 
integral (dc) factor we have used so far. The dynamic current gain a 
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is defined as the derivative dJ,/dI,, whereas the de gain a@ is the 
ratio I,/I,. Both factors differ in magnitude, though the difference 
is insignificant. 

The incremental (dynamic) emitter junction resistance r, is expressed 
in the form analogous to Eq. (3.25): 


re= Or7/I, (4.41) 


where J, is the de component. At a current of 1 mA the resistance 
r, is equal to 25 Q. 

The incremental (dynamic) collector junction resistance r, is deter- 
mined by the Early effect (see Subsec. 4.4.5). This resistance can 
be calculated by substituting o = x from (4.20b) into (4.13) and 
differentiating the current J, with respect to the base width w, 


assuming that dw = —dl, [the increment di, is easy to relate to 
dV, with the aid of Eq. (3.10)]. The computations yield 
~ (8 2gN \ VVe 
na(SV 2) 2) 


where V, is the absolute value of reverse voltage. Attention should 
be drawn to the fact that the resistance r,, like r., is in inverse pro- 
portion to the dc component. Also, r, rises a little with voltage, though 
this dependence is of small consequence. As an illustration, let us 
substitute into Eq. (4.42) the following values: L = 10 pm, w = 
= 1pm, N = 10% cm-, and V. = 4 V. We find that r, ~ 10° J); 
at 1 mA, rp =1 MQ. 

The base resistance rp is, generally speaking, the sum of resistances 
of the active and passive regions of the base (see Fig. 4.4a). What 
make the calculation of these resistances a fairly laborious problem 
are a complex trajectory of base current, intricate geometry of the 
base layer and its inhomogeneity. The typical values of r, for planar 
transistors can be taken to lie between 50 and 200 Q. 

If the specified input is the base current (in the CE configuration), 
it is more expedient to use another equivalent circuit (Fig. 4.17) 
with the current source in the collector circuit controlled by the 
base current of Eq. (4.14). Since here we deal with a small-signal 
circuit model, we should replace the de current gain B by the dyna- 
mic (ac) current gain identified with a symbol f. The relation bet- 
ween small-signal parameters 6 and @ is analogous to general expres- 
sion (4.15): 

= a/(1 — a) (4.43) 
The factor B is greater than B in the range of low-level signal currents 
and smaller in the large-current range. 


While replacing the current source al, by BJ, we should replace 
r, by the quantity of a smaller value: 


re = (1 —a@)r, =r,/(B + 4) (4.44) 
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The quantity r¢ owes its origin to the following considerations. 
To establish the parity of both equivalent circuits as fourpoles, 
they must have the same parameters in the open-circuit and the 
short-circuit condition. The open-circuit voltages in the models of 


Fig. 4.17. Small-signal circuit model 
for a transistor in CE configuration 





Figs. 4.16 and 4.17 are close to alr, and B/pré respectively. Equat- 
ing these quantities and considering that in the open-circuit mode 
I, ~ I,, we get Eq. (4.44). As for the reason why the resistance 
falls off in a common-emitter transistor, we refer the reader to Sub- 
sec. 4.5.3. While r, calculated above is equal to 1 MQ, r? is as small 
as 10 kQ at 8 = 100. 


4.7. Transient and Frequency Characteristics 


The lag in the response of a transistor with fast changes of input 
currents is due to the path the injected carriers have to travel across 
the base and also due to recharge of barrier capacitances at the emit- 
ter and collector junctions. The relative role of these factors depends 
on the base width, transistor opera- 
ting conditions, and resistance of ex- 
ternal circuits. 7 

Consider first the processes in the 
base, ignoring the effect of capaci- 
tances; their role will be discussed in 
Subsec. 4.7.3. Besides, we shall dis- 
regard the resistance r, (see Fig. 14.16) 
since this is always the case in the 
analysis of transients. 


b ZL 





4.7.1. Processes in the base of a 
transistor in CB connection. Let us __ ; : 
apply a dc reverse voltage to the col- Fig. 4.18. Transients in a CB 
lector of a transistor artanged in the ‘@nsistor 
CB configuration (see Fig. 4.3a), keep- 
ing the emitter open. We expect a negligible thermally generated 
current to appear in the collector circuit. The transistor is said to 
stay in the cutoff region. At a certain moment, we allow a step of 
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current, J,, to flow through the emitter (Fig. 4.48). For simplicity, 
we set y = 1, i.e. disregard the hole component of the emitter 
current. 

Injected electrons penetrate into the base bulk gradually (see 
Fig. 2.27). They reach the collector only after a certain time tq, 
known as the delay time. The collector current then starts to build 
up but gradually because the rate of diffusion is a mean value. 
Real diffusion rates for individual carriers differ substantially, 
so the carriers that have got into the base simultaneously will take 


c | 
R V 
Fig. 4.19. RC circuit modeling the 


process of charge storage in the base 


different lengths of time to reach the collector. The front of the 
collector current wave thus rises smoothly and has a finite dura- 
tion Z;. 

With a constant current applied to the emitter, the function 
i. (t) may conveniently be written in the form a (¢) J,, where a@ (t) 
is the step-function response of the alpha. This characteristic is just 
the subject of analysis of transients in the transistor connected 
in a CB circuit. The parameter that determines the duration of these 
processes is the time constant t, being dealt with comprehensively 
in the text that follows. 

In the interval tz, when the collector current is still absent, the 
base current is equal to the emitter current /,. Then, as the collec- 
tor current grows, the base current diminishes to the steady-state 
value (1 — a) JI,. So a specific initial peak of the base current 
results. 

Concurrent with the increase of collector current, excess charges 
build up in the base. As a first approximation, which is practically 
justifiable, we assume the collector current and excess charges 
increase in an exponential manner with the time constant t,. The 
model of such a transient is the process of charging a capacitor 
in the simplest RC circuit on applying a step of current (Fig. 4.19). 
The steady-state value of charge in this circuit takes the form 


Q=CV=C(IR) =I 


where t = RC is the time constant. Eqs. (4.4) and (4.10b) for steady- 
state excess charges in the base have the same form. 

Hence, a useful conclusion follows: the time constant tg can be 
found as the quotient of the steady-state value of excess charge AQy 
and the specified emitter current I,. 
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Introduce the following designations for the quantities in the 
right side of Eqs. (4.4) and (4.100): 
diffusion time [see Eq. (3.38)] 


tp = w*/2D (4.45) 
and transit time 
| ee ee) 4.46 
= FapHD — +E 20) 
The transit time is the generalization of diffusion time for the 
case where the accelerating field is present in the base. If y = 0, 
the transit time turns equal to the diffusion time. 
So, having assumed that the exponential approximation for 
transient characteristics is valid, we get 


Ta =.t 4, (4.47a) 
or, for diffusion transistors 
T =tp (4.47b) 
The operator transform for @ is 
a (s) = a/(1 + st.) (4.48) 
and thus the step response (Fig. 4.20) is given by 
a (t) =a (1—e7/*a) (4.49) 


If we do not assume that the transients are exponential in cha- 
racter, the solution of the problem can take the following course. 





Fig. 4.20, Step response of the 
G02 7 2 5 4 t/t current gain a 


As shown in Subsec. 2.8.4, the Laplace transform of the function 
An (zx, t) results from the stationary distribution An (z) after replac- 
ing the diffusion length by the quantity L (s) of (2.72). We apply 
the same approach to the problem in question. 

Replacing LZ by L (s) in (4.19) gives the strict representation 
x (s). This same representation is the transform «@ (s) since earlier 
we have set y = 1. The transient characteristic corresponding to 
such a representation is shown in Fig. 4.20 by a dash line. Its ana- 
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lytical expression is too complex to be suitable for practical appli- 
cation. Therefore, when substituting L (s) we shall make use of 
(4.20a) instead of (4.19). The transform «@ (s) then coincides with 
that of Eq. (4.48). This attests to the fact that the exponential 
approximation is quite appropriate for use in practice. 

The shortcoming of the approximation (4.48) is that it does not 
take account of the delay, tz (see Fig. 4.48). Where the delay is 
substantial, one should use a more accurate transform 


a (8) = aot (4.50) 
1+S8tTg . 
The parameters entering this expression have the following values: 
Ty 0.8 t:, (4.514) 
tq 0.2 te, (4.51b) 


The original of the transform (4.50) is the exponential function (4.49) 

shifted with respect to the moment t = O by the time interval tf . 
The frequency response of the current gain a can be determined by 

replacing in (4.48) or (4.50) the Laplace variable s by jw: 


a 
*= THT (oloay em) 
or 
: ~Joty 
ae : 


where w = 41/t is the angular cutoff frequency. 

It should be kept in mind that the complex quantity @ can only 
be used in a small-signal equivalent circuit (see Fig. 4.16), that is, 
in the analysis of ac components. Total currents in a transistor 
cannot be sinusoidal in shape because of the rectifying properties 
of the pn junction. 

The amplitude-frequency characteristics for a represented by 
expressions (4.52) have the same form 


ee es 
V1+ @/oa)* 


(hough the values of w, differ somewhat in magnitude [see Eqs. (4.47a) 
and (4.51a)]. 

The phase-frequency characteristics differ substantially. For 
expression (4.52a) 


a (o) = 


(4.53) 


@ (o) = —arctan (w/w,) (4.54a) 
that is, the phase shift has a limit, @ (co) = —90°, and 9 (wg) = 
-: —45°. For expression (4.52b) . 

 (@) = —olg — arctan (w/@,) (4.54b) 


10-0128 
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that is, the phase shift has no limit, @ (co) = —oo, and 9g (w,) = 
= —59°. Expression (4.54b) is much more accurate than (4.54a). 

The latter is responsible for a large error even at frequencies below 

ns eat frequency. The frequency dependence of @ is shown in 
ig. 4.24. 


4.7.2. Processes in the base of a transistor in CE connection. Let a 
step of current J, enter into the base of a common-emitter transistor 
(Fig. 4.22). For the case under consideration the function i, (t) 
can be written as B (t) J,, where B (¢) is the step response of the 


lal/o, 





Fig. 4.24. Frequency response of Fig. 4.22, Transients in a CE 
the current gain a transistor 
(a) amplitude-frequency response; (b) 
poate eeauency response; 1—according to 
q. (4.52a); 2—according to Eq. (4.52b) 


current gain B. This characteristic and its time constant tp are 
now the subjects of the analysis. For simplicity we set the injection 
ratio y = 1. 

The Laplace transform B (s) is easy to obtain by substituting 
a (s) in (4.15). It will be readily seen that the transient here remains 
exponential in character, but the time constant is much larger in 
magnitude, namely: 


te = Tta/(t — a) = (B+ 4) t, (4.55) 


To reveal the physical meaning of the quantity tp, let us reason 
out the case in the following way. 

The current J, governs the rate of growth of the positive charge 
in the base. So at the moment of arrival of the step input J,, the 
hole concentration in the base begins to grow. Correspondingly, 
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the potential on the base rises, enabling the emitter junction to 
conduct. This triggers the injection of electrons whose charge keeps 
the base in a quasineutral condition. Thus the equality J, = I, 
initially holds as it does in the CB configuration (see Fig. 4.18). 

As the injected carriers reach the collector in a delay time tg, 
the collector current appears. In the CB circuit, the buildup of 
collector current involves a decrease in the base current. In the 
CE circuit, however, the base current is constant, and so a growth 
in collector current (due to escape of electrons from the base) causes 
an additional growth in emitter current (that is an inflow of new 
electrons required to maintain the quasineutral state). 

Such a mutual increase in 7, and J, continues until the base 
stores up a sufficiently large excess charge AQ, such that the rate 
of its recombination, AQ,/t, balances out the base current. The 
equilibrium condition has the form 


AQs ~ yt (4.56) 


Uence, being guided by the fact that AQ,/J, is the time constant 
tg of the transient (see Fig. 4.49 and its analysis), we arrive at the 
conclusion: in the CE configuration, the time constant is equal to the 
lifetime of carriers in the base 


t= Tt (4.57) 


Expression (4.57) is also possible to obtain directly from Eq. (4.55) 
if we apply Eq. (4.21b) for a, Eq. (4.46) for t,, and take account 
of (2.66) and (4.45). 

So the current gain factor in operator form for the CE configura- 


tion is written as 
B (s) = B/(A +: stg) (4.58) 


where the time constant tg is tens of times as large as the quan- 
lity T2, and even more. It is safe to say that the current gain B in 
the CE configuration grows high at a sacrifice in transient and fre~ 
quency response. The delay time tg is insignificant as against the 
large time constant tg and thus can be neglected. 

Replacing B by f and s by jm in (4.58) gives the small-signal 
frequency response ; 

B= Tj (olan, Sa 
where w, = 1/tg is the cut-off frequency (tg may be assumed equal 
{o tg). Correspondingly, the amplitude-frequency and the phase- 
frequency response will be given by 


Bg i = 
B (o) = Vite (4.60a) 
@ (w) = — arctan (w/w) (4.60b) 


10% 
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Since the factor f is rather high, a transistor retains its amplifying 
capacity at frequencies much in excess of the frequency w,. At o > 
> 3o,, we may omit unity in (4.60a), which then reduces to 


B (@) = B (ws/o) 


Setting 6 (o) = 1, we find the frequency at which the current 
gain 6 drops to unity and the transistor loses its ability to amplify: 


or © pos = B/t (4.64) 


The frequency wy is called the current-gain cutoff frequency. Consi- 
dering Eq. (4.55), we come to the conclusion that the cutoff fre- 
quency is practically equal to the frequency T,. 


4.7.3. Effect of barrier capacitances. We shall start with the ef- 
fect of emitter junction capacitance (see Fig. 4.16). Since the bar- 
rier capacitance depends on variations in the junction width, that 
is, on the transport of majority carriers, the recharging current 
for this capacitance has nothing to do with injection and does not 
enter into the composition of the collector current. Consequently, 
that fraction of the emitter current which branches out into the barrier 
capacitance leads to a decrease in the injection efficiency. 

The distribution of emitter current between the barrier capaci- 
tance and junction depends on the relation between the resistances 
of these two circuits. Let us restrict ourselves to ac components. 
In this case we should take the quantity r, as the junction resistance, 
and the impedance 1/(sC,) in its operator form as the capacitive 
impedance. Write the fraction of current J, that branches out into 
the pn junction: 

I = I 1/ (SC e) 
e pn "@ re+1/(8C e) 


It is exactly this quantity that is implicit in the term emitter cur- 
rent J, entering Eq. (4.16). Replacing J, by J. pp in Eq. (4.16) 
readily yields 


y (8) = Ten/Te = y/(1 + sty) (4.62) 
t= els (4.63) 


where 


is the time constant for the emitter junction and at the same time 
the time constant of injection efficiency. 

If r, = 25 Q and C,=1 pF, then t, = 0.025 ns; this value 
of t, is usually much smaller than ¢;,. So it is justifiable to neglect 
Ty or else to consider it as an additional delay. With a decrease 
in current, however, the resistance r, grows and t, becomes compar- 
able to ¢;,. For the microampere range of currents, therefore, we 
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have ground to assume to a certain approximation that 
Tq © ty + te, (4.64) 


Thus the role of the emitter barrier capacitance comes to increasing 
the time constant Tq. 

We shall now concentrate on the effect of collector barrier capa- 
citance C, (see Fig. 4.16). If we short out the output and neglect 
the resistance r, as before, the capacitance C, will be connected 
in parallel with the base resistance ry. The time constant of such 
a circuit is called the base time constant: 


Tp = Ce (4.65) 


Thus if r, = 100 2 and C, = 1 pF, t, = 0.1 ns. The sharing of 
current al, takes place between the external circuit (which includes 
the resistance r,) and capacitance C,. Consequently, at high frequen- 
cies the external current I, will always be lower than al,. In parti- 
cular, at tT, taken equal to zero, it is just the base time constant 
that sets the upper limit on the speed of transistor response. 

If the collector circuit incorporates the external resistance R,, 
then for the case discussed above we should replace ry by ry + Re. 
The external resistance R, is commonly much larger than ry, and 
therefore the time lag in current distribution will be determined 
by the time constant CR, rather than by t,. Though the quantity 
C.R, is not the parameter of a transistor since it depends on the 
external component #2, it is convenient to regard this quantity as 
a constituent part of the parameter t,. For this let us introduce the 
notion of an equivalent time constant tao. and express it, in analogy 
to (4.64), as a sum 


Taoe = Te + C.R. (4.66) 


lf C.R, > 3t,, as is often the case, then t,o, is practically inde- 
pendent of processes in the base. 

For the CE configuration, we find the equivalent time constant 
Toe With the aid of Eq. (4.55), multiplying both sides of (4.66) 
by B+ 1: 

Toe = Ta + CER, (4.67) 
where 
Ce = (B+ 1)C, (4.68) 


is the equivalent collector-junction capacitance (Fig. 4.17). The 
time constants Tt, ,, and T,,- are the most universal parameters 
characterizing transient response of a bipolar transistor. 


1 The quantity R,, generally speaking, also includes the intrinsic para- 
meter of a transistor—series collector bulk resistance r,, (see Fig. 4.1b). The 
effect of this component is described in Subsec. 7.3.3. 


Chapter UNIPOLAR TRANSISTORS 


fe) 


5.1. General 


For their function unipolar transistors depend only on one type 
of carrier, the majority carriers, either electrons or holes. The pro- 
cesses of injection and diffusion are practically nonexistent in these 
transistors, or in any case they do not play a leading role. The basic 
type of carrier motion here is the drift of carriers under the effect 
of an electric field. 

To control the current in a semiconductor at a de field, it is neces- 
sary to change either the conductivity of the semiconductor layer 
or its area. Either of the approaches finds use in practice, and both 
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Fig. 5.4. Principle of channel action in unipolar transistors 
(a) surface n channel; (b) bulk p channel; 1—depletion region 


principally rely on the field effect (see Sec. 2.7). This explains 
why unipolar transistors are commonly called field effect transistors 
(FETs). The conducting layer through which the working current 
flows is termed the channel. Hence, one more alternative name of 
these transistors, n-channel or p-channel FETs. 

Channels can be of the surface and bulk types. Surface channels 
are either enriched layers set up by donor impurities present in the 
insulator (see Sec. 3.4) or inversion layers resulting from the action 
of an external field (see Sec. 2.7). Bulk channels are the portions 
of a homogeneous semiconductor isolated from the surface by a dep- 
letion layer. The two types of channel and the principles of their 
use are illustrated in Fig. 5.1. 

The surface-channel field-effect transistor (Fig. 5.1a) has a clas- 
sical metal-insulator-semiconductor (MIS) structure described ear- 
lier in Sec. 2.7. Where the insulator (dielectric) is an oxide such as 
SiO., the transistor goes under the name of MOSFET or just MOST. 

The bulk-channel field-effect transistor (Fig. 5.1b) has its deple- 
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tion layer produced by a pn junction, for which reason it is often 
referred to as a pn junction FET or JFET. 

Despite their difference in structure, JFETs and MOSFETs have 
much in common: both feature a sharply defined control circuit 
{with a voltage source V) clearly separated from the controlled 
circuit for the working current J. The control circuit does not prac- 
tically consume current, since it incorporates either an insulator 
portion (see Fig. 5.4a) or reverse-biased pn junction (see Fig. 5.1). 
The electric field set up by the control voltage has a direction nor- 
mal to the flow of current. Along with the common features, each 
of these two types certainly shows a number of its own distinctive 
characteristics. 
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The real structure of an n-channel MOS transistor formed from 
a bar-shaped slice of a p-type semiconductor is shown in Fig. 5.2. 
The metallic electrode producing the field effect is called the gate (G). 
The other two are the source (S) and drain (D). These two electrodes 
are in principle exchangeable. Of 

the two, the drain is the elect- Dielectric 
rode to which the carriers in the 
channel move under the action 
of the applied voltage of a certa- 
in polarity. If the channel is of 
the n-type, the carriers are ele- 
ctrons and the drain is a positive 
electrode. The source is common- 
ly connected to a semiconductor 
bar called the swbstrate (Sub). 








Substrate p-semiconductor 


9.2.1. Principle of action. Ide- 
ally, when theequilibrium surface Fig. 5.2. Structure of induced n- 
potential is equal to zero, 959>=0, channel MOS transistor 
an n-channel MOS transistor 
operates in the following manner. Assume we have the gate connected 
to the source, or Vz, = 0. Under these conditions the conducting 
channel is absent and there are two opposite-connected pn* junctions 
on the way between the source and drain. On applying the voltage 
Vas, a negligibly small current will flow in the drain circuit. 
With a negative voltage Vz, << 0 applied to the gate, the surface 
layer gets enriched with holes, and so the current in the drain cir- 
cuit changes little. If we apply an increasing positive bias Vz, > 0 
on the gate, first a depletion layer (acceptor space charge) and then 
an inversion layer (conducting channel) will set in (see Sec. 2.7). 
The drain current then assumes a definite value and only depends 
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on the gate voltage. The MOS transistor is now in the operating 
condition. Since the input current (in the gate circuit) is negligible, 
the device offers a considerable power gain, much higher than the 
bipolar transistor does. 

The channels which are absent in the equilibrium state but appear 
under the effect of the externally applied voltage are known as 
induced channels. The thickness of an induced channel is practically 
invariable, 1 or 2 nm as noted earlier in Sec. 2.7, and thus the modu- 
lation of channel conductivity comes from changes in carrier con- 
centration. The gate voltage at which the channel builds up is 
called a threshold voltage and denoted by Vo. The channel length L 
is equal to the distance between the source and the drain region, 
and the channel width Z is as shown in Fig. 5.2. 

The device whose structure consists of an n-type substrate with 
a pair of pt-type diffused regions (the source and drain) is a MOS 
transistor with an induced p channel. Typical of this device are 
the reverse polarities of both threshold and working voltages: Vy) < 
<0; Vg, <0 0; and Vg, < 0. 

Electronic circuits which use n-channel and p-channel MOS tran- 
sistors in combination are called complementary just as are the 
circuits composed of mpn and pnp transistors. 

It is good practice to fabricate substrates for MOS transistors 
from a high-conductivity material to facilitate the formation of 
a channel and increase the breakdown voltage of gate-source and 
gate-drain junctions. In principle, the mode of operation and the 
properties of n-channel and p-channel MOS transistors are identical, 
though some differences do exist. First, n-channel MOSTs show 
a much higher speed of response because the electrons involved 
in the operation of these devices have three times the mobility 
of holes. Second, n-channel and p-channel MOSTs differ in the 
structure of the surface layer in the equilibrium state, and this 
difference has an effect on the value of threshold voltage. 

The difference in the surface layer structure is due to the different 
effect produced by the electrons as they leave donor impurities 
present in the dielectric and reach the layer (see Sec. 3.4). In the 
n-type substrate these electrons set up an enriched layer that pre- 
vents the formation of a p-channel; the threshold voltage in p-chan- 
nel transistors thus grows. Jn the p-type substrate, the same electrons 
recombine with holes and produce a depletion layer, that is, they 
encourage the formation of an n-channel; the threshold voltage 
in n-channel transistors thus decreases. 

The amount of electrons coming from the insulator can often 
be so high that along with the depletion layer, an inversion layer 
(n-channel) appears in the p-type substrate. Since it is present at 
zero gate voltage, this layer cannot be regarded as a channel induced 
by the gate fields. Hence, the ordinary meaning of threshold voltage 
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is of no value here. In transistors of this type, the channel available 
at zero gate voltage is called an implanted (built-in) channel; the 
parameter being used instead of threshold voltage is known as the 
cut-off voltage. This is the voltage which pushes off the electrons 
of the equilibrium inversion layer away from the surface and thus 
does away with the built-in channel’. 

Generally speaking, the built-in channel is not an obstacle to 
the application of MOS transistors. Such transistors operate with 
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Fig. 5.3. Structure of built-in n-chan- 


p-si 
nel MOS transistor 


either polarity of gate voltage: the negative voltage depletes the 
channel of carriers, so that the drain current decreases, while the 
positive voltage enriches the channel with carriers, and so the 
current rises. All the same, induced-channel transistors are more 
popular despite the fact that they are operative only with one pola- 
rity of voltage at the gate—-such that enables the formation of the 
channel. Where the built-in channel is desirable, though this is 
a comparatively rare case, it can be specially obtained in the form 
of a thin surface layer by ion implantation (Fig. 5.3). 

We shall further consider only induced n-channel transistors 
as more promising MOSFET devices inherently operating at positive 
working voltages, which are more convenient to deal with in analysis. 


5.2.2. Threshold voltage. The gate voltage is capable of inducing 
a higher specific charge (the charge per unit area) in a semiconductor 
at a greater specific capacitance (the capacitance per unit area) 
between the metal and semiconductor surface. So the gate-channel 
capacitance per unit area determines the controlling ability of the 
gate, which feature makes this capacitance one of the important 
parameters of the MOS transistor. The gate-channel per-unit area 
capacitance is given by 

Co = Eqt g/d (5.1) 


where d is the thickness of a dielectric (see Fig. 5.2), &o is the elect- 
ric constant, and &, is the (relative) dielectric permittivity. It is 


1 To prevent the formation of an equilibrium channel when fabricating 
n-channel MOS transistors, one has to take special measures in processing the 
surface of silicon and dielectric and also use bars with an increased concentra- 
tion of acceptors. This makes the technology of production of n-channel tran- 
sistors more complicated than that for p-channel transistors. 
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desirable that d of the insulator be made as thin as its breakdown 
voltage permits. The thickness d of a silicon oxide layer commonly 
varies from 0.1 to 0.15 um. If we set d equal to 0.45 wm and eg 
to 3.5, then Cy ~ 200 pF/mm’. 

The threshold voltage V) can be divided into two components 
as shown on the band diagram! of Fig. 5.4: 


Vo = Vor + Vor (5.2) 


The component Vo, is responsible for band flattening; it reduces 
to zero the equilibrium surface potential @.o, that is does away 
with the initial bending of bands 

M I __ semiconductor ~ (see curves 7 and 2). On the diag- 
ram, the initial band bending 
is shown to be opposite in dire- 
ction to the band bending re- 
quired to build up the channel. 








Londuction band 


% 


Y-0 The component Vo, is respon- 
Vor sible for band bending in the 
Pom direction favorable for inducing 


the channel (curve 3): it sets up 
a surface potential @,, at which 
the level of the electrostatic po- 
. tential crosses the Fermi level 
Channel Depletion layer (see Sec. 2.7). 
Fig. 5.4. Band diagrams for a MOS Thus the voltage Vy,» determi- 
transistor at gate voltages from 0 nes the degree to which the se- 
to Vo miconductor is “ready” for chan- 
nel formation; if @sy5 = 0, then 
Vor = 0, and if the equilibrium energy bands incline downward, then 
Vor < 0. As regards the voltage Vog, this determines the value of 
threshold voltage in “ideal” conditions at which the equilibrium 
surface potential is equal to zero. 
The voltage Vo, is expressed in the form 


Vor= ust Qos/Co (5.3a) 


where Qo, is the equilibrium per-unit area surface charge which 
comprises the charge of surface states and the charge stemming from 
impurity ions in the dielectric, and @arg is the contact potential 
difference between metal and semiconductor. The quantity Qo, is 
evaluated by experiment; it usually lies between 5 X 10-® C/cm? 
and 5 X 10-8 C/cm?. 

The voltage Vo, is expressed as 


Von =Pam+ Ze V Gem (5.38) 


1 Positive values of electric potential are laid off downward. 
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where 
a=YV 2qee,N (5.4) 


is a coefficient characterizing the effect of the space charge present 
in the substrate. Here, e, is the permittivity of the semiconductor, 
and N is the impurity concentration. 

It is common to set Q,m = 2@p (see p. 65), where qp is the dif- 
ference in magnitude between the Fermi level and the electrostatic 
potential level in the semiconductor bulk (see Fig. 5.4). Thus if 
N = 10! cm’, then according to Eqs. (2.11) orp + 0.3 V and, 
hence, @sm = 0.6 V; according to (5.4), a ~%5 x 10-8 F V¥/?/cm?. 
Assuming Cy = 2 < 10-8 F/cm?, from (5.3b) we find that Voz ~ 
= 2.6 V. The values of total threshold voltage Vo practically lie 
in the range 0.5 to 3.5 V. 


5.2.3. Static characteristics. Consider the effect of current on the 
structure of a current-conducting channel. If the drain-source vol- 
tage Vz, = 0, the semiconductor surface is equipotential, the field 
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Fig. 5.5. Field and charge distribution in a MOS transistor at zero voltage (a) 
and low positive voltage (b) on the drain 


in the dielectric is uniform, and the thickness h of the induced 
channel is constant over its entire length (Fig. 5.5a). But if Vg, > 0, 
the current does flow and the surface potential grows from the 
source toward the drain. So the potential difference between the 
gate and surface decreases in the direction of the drain. The field 
strength in the dielectric equally decreases and so does the per-unit 
area charge in the channel. That is why the cross section of the chan- 
nel near the point x = L becomes narrower (Fig. 5.5b). 

At a certain critical voltage on the drain, called the saturation 
voltage, the potential difference between the gate and surface at the 
point « = L becomes equal to zero. Concurrently, the field strength 
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in the dielectric and the specific carrier charge in the channel drop 
to zero at the same point (see Fig. 5.6a). This is the pinch-off condi- 
tion which results in the formation of a “neck” (pinch-off region) 
in the channel. 
The saturation voltage has the form 
Va sat — Ves = Vo (5.5) 
At voltages Vg, >> Va sat, the space charge layer, which so far 
has been separated from the surface by the channel, now expands 
to the surface over the portion AL, and the pinched-off end of the 
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Fig. 5.6. Field and charge distribution in MOS transistor 
(a) at boundary of saturation region (Vg, = Vq‘sqz); (6) in saturation region (Vg.>Vq sat) 


channel correspondingly shifts to the point ZL’ as shown in Fig. 5.6b!. 
Obviously, the channel shortens by AZ; the potential at point L’ 
remains equal to Vg sq, that is, to the same value as it was at the 
onset of saturation. 

The value AL depends on the voltage difference across this por- 
tion, Vg, — Vag saz- This dependence is the same in character as 
the dependence of the pn junction width on the reverse voltage 
[see Eq. (3.10)]: AL ~ V Vas ad Va sate 

After buildup of the pinch-off region, the current in the working 
circuit practically ceases to depend on the drain voltage and comes 
to saturation (Fig. 5.7a); hence the name the saturation voltage 
Va sat: 

The analysis based on the described processes gives an expression 
for I-V characteristics, which is too inconvenient for practical 
calculations (the expression contains terms raised to the two-thirds 
power). For this reason engineers make use of approximate expres- 
sions for J+V characteristics, of which the simplest and most popu- 


1 The processes conducive to the formation of a pinch-off region and its 
shift are much easier to scrutinize in junction FETs where the channel is by far 
thicker (see Fig. 5.43). 
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lar is 
Ig=b[(Vgs—Vo) Vas—1/2 Vas] (5.6) 
Here b is the specific transconductance of the MOS transistor, which 
is one of its main parameters. The expression for b is of the form 
Boe 2 


Zz 
b=) > =F (5.7) 





where p is the carrier mobility in the surface layer, which is com- 
monly one-half or one-third that in the bulk, and Z is the channel 
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Fig. 5.7. MOS transistor static drain (a) and transfer (b) characteristics 


width (see Fig. 5.2). At w = 550 cm?/V s, Z/L = 10, and Cy = 
= 2 x 10-8 F/cem?’, the typical value of specific transconductance 
is b + 0.4 mA/V*. 

Expression (5.6) is valid only if Vg,< Vg sa7, that is, within 
what is called the initial, steep region of the J-V curves (see Fig. 5.7a). 
If, on the other hand, Vg, > Vq saz, then the current does not vary 
and remains equal to the value it has at Vg, = Vg saz. Substituting 
(5.5) into (5.6), we find the expression for the saturation region, 
that is, for the flat portions of the J-V curves: 


Ig = 1/2 b (Vgs — Vo)? (5.8) 
This expression holds for the curve with a parameter V4 ,,; shown 
in Fig. 5.75. 


The current rating for a MOS transistor is usually considered 
to be the current set up at a voltage Vz, = 2Vo, that is, 


Ia, = 1/2 bV? (5.9) 
As clear from the formula, the lower the threshold voltage, the smaller 


the rated current. Under nominal conditions at which Vz, = 2Vo, 
the saturation voltage Vg .az is equal to Vo according to Eq. (5.5). 
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Consequently, low values of Vy warrant both small currents and low 
working voltages in a transistor. 

Expressions (5.6) and (5.8) enjoy extensive use for their simplicity 
and clarity of representation. But they lead to a substantial error 
in calculations if the impurity concentration in the substrate is 
in excess of 10'® cm-*, which is usually the case. Therefore a more 
accurate approximation finds use, when necessary, in place of 
Eq. (5.6): 





Ia = b(Vgs — Vo) Vas — 1/2 (4 + ) Vis) (5.10) 
where the correction factor n is 
=> re (5.44) 
sm 


Thus if a/Cy = 2.5 V'/? (the value given above) and gsm = 0.6 V, 
then y ~ 1.1. 

Differentiating (5.10) with respect to Vy, and setting d/ 4/dV,, = 
= 0, we find the saturation voltage 


1 
Va sat — T+7H (Vas aa Vo) (5.12) 


This expression underestimates Vy ,a¢ aS against (5.5). Substituting 
Eq. (5.12) into (5.10), we obtain a more accurate expression for 
the flat region of the /-V curves, namely, for the saturation region: 


1 


b 
la=> Tew Vas—Vi* (5.43) 


The treatment so far has assumed that the source is connected 
to the substrate. The substrate sometimes happens to be at a nega- 
tive potential V,,, , with respect to the source; an example can be 
ICs where the substrate is common to all transistors'. The voltage 
drop in the space charge layer then increases, which makes it neces- 
sary to correct the band bending voltage given by Eq. (5.3b): 


Von = Pam +7 V Gem + \Vsus s| (5.14) 


The voltage V,,, , will naturally enter into Eq. (5.8). Thus, the 
current J will be a function of two voltages, V,, and V,,5 5, and 
so dual control of the current is possible. 


1 The positive voltage at the substrate of an n-channel transistor is imper- 
missible, because the pn junction of the drain will operate in the forward bias 
state, thereby causing injection of electrons in the substrate and thus disturbing 
the action of the unipolar transistor. 
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Taking into account the substrate effect, the characteristic given 
hy Eq. (5.13) can be expressed as 


1 6b 2 2 
Ta= Tey (Ves Vo—-F 1IVeus oI) (5.15) 


As seen, the voltage appearing between the substrate and source 

can be regarded as the equivalent of the threshold voltage increase. 

In conclusion, consider the initial steep regions of the /-V curves 

which are of much importance in switching (pulse) circuits. Setting 
Vas << Ves — Vo 

we can neglect the quadratic term in Eq. (5.6) and obtain the linear 


dependence 
Tq = 6 (Vgs — Vo) Vas (5.16) 


The respective family of J-V curves is shown in Fig. 5.8. The coef- 
ficient b (Vzs — Vo) on the right of Eq. (5.16) is known as the 


Ta, mA 


Fig. 5.8. Initial quasilinear regions 
of MOS transistor drain characteris- 
tics 





channel conductance, and the reciprocal quantity as the channel 


resistance 
1 


b (Vgs—Vo) 


As clear from the formula, the channel resistance can be controlled 
over a wide range by varying the gate voltage. This feature is put 
to proper use in practice. If we set V,, —Vy) = 4 V and b= 
= 0.4 mA/V?, then Ry = 2.5 kQ. 


R= (5.17) 


5.2.4. Small-signal parameters. Amplifiers are normally operated 
in the flat region of J-V characteristics. This region is noted for 
the lowest nonlinear distortion of signals and optimal small-signal 
parameters which are of importance for amplification. 
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Small-signal parameters of a MOS transistor include: 














transconductance § = -2/4 
aV gs Vag=constant 
drain (internal) resistance rg = Was 
dIg Vgs=constant 
amplification factor! k = was 
aV gs | Ig=constant 
These three parameters are related by 
k = Srq (5.18) 
The transconductance in the flat region is easily determined 
from Eq. (5.8): 
S = b (Vgs — Vo) (5.19) 


As obvious, the transconductance is proportional to the parameter b 
We have assigned the term specific transconductance to the latter 
quantity because b is equal in magnitude to the transconductance 
at Vz, — Vo = 1 V. Using (5.192) and (5.8) we can readily relate S$ 
to drain current: 


S=YV 2b74 (5.198) 


Thus at b = 0.1 mA/V® and [zg = 1mA, the transconductance is 
S = 0.45 mA/V. 

Formula (5.13), being more accurate than (5.19), gives a smaller 
value of transconductance because it contains the factor b/(n +- 4) 
instead of b. 

The drain resistance in the flat region of the J-V curve is governed 
by the channel length-to-drain voltage relation (see Fig. 5.60). 
The rise in voltage Vy, leads to an increase in the drain junction 
width AL and a respective decrease in the channel length L’. The 
parameter b then grows, and so does the drain current I q. 

On the whole, this phenomenon is analogous to the Early effect 
(see p. 132). That is why the expression for the drain resistance of 
a MOS transistor is similar in structure to Eq. (4.42) for the collec- 
tor resistance r,: 





/2qN Va 
ra= (LY 2) vVe (5.20) 
Assume the carrier concentration, voltage, and current to be the 
same as they are in the example pertaining to Eq. (4.42): N = 
= 10 cm-*, Vz = 4 V, andI, = 1 mA. Then at L = 10 um, we 


a 
1 The prope Hon factor of vacuum electron devices is commonly desig- 
nated as p, but since this symbol also stands for carrier mobility dealt wit 
in the theory of MOS transistors, we replace it by & to avoid confusion. 
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find that rg = 100 kQ, which is one order of magnitude lower than 
r,. Note that the ry-I4 relation is the same as the r,-I, relation 
for bipolar transistors. 

Multiplying (5.20) by (5.19b) yields the amplification factor k. 
This factor is independent of the channel length; its typical values 
range from 50 to 200 depending on the channel width Z. 

It is useful to compare the parameters of bipolar and MOS tran- 
sistors. Let us start with the expression for transconductance of 
bipolar transistors. The transconductance may readily be found 
from the relation 


~~ dVe dIe dVe 
where the first factor on the right is the current gain a, and the 
second factor is the reciprocal of the emitter junction resistance r,. 
Thus, taking account of Eq. (4.41), we obtain 


S=alr,=al,/or 


At 7, =1 mA, the transconductance is S ~ 40 mA/V. 
Multiplying S by r, of Eq. (4.42) gives the amplification factor 
for a bipolar transistor: 


k = Sr, & relre 


This coefficient does not depend on current and commonly ranges 
from 40 000 to 80 000. 

The above examples thus reveal that MOS transistors are inferior 
to bipolar transistors in all the three parameters. However, one 
should bear in mind that the transconductance of MOS transistors 
rises with the channel width and, besides, is more weakly dependent 
on current. That is why in the range of small currents and with 
a large channel area, MOS transistors can be comparable to bipolar 
transistors in parameters. 

We have mentioned above that the MOS transistor can be cont- 
rolled not only by the gate voltage but also by the substrate voltage. 
Differentiating Eq. (5.15) with respect to | Vsu,.| gives the sub- 
strate transconductance 


2 2 
Seub=— FT pq o(Ves—Vo—-F Voussl) (5-24) 


The minus sign says that the current J, drops with increased 
voltage | Vsuy , |. Differentiating Eq. (5.15) with respect to Vg, 
we find the gate transconductance 


b 2 
Sa= pq (Vee—Vo—-z 1[Vewv el) (5.22) 


As seen, the voltage | Vsup « | tends to decrease the transconductance S ,. 
110128 
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The relation between S,,, and Sg is directly dependent on the 
coefficient y, i.e. on the insulator thickness and impurity concentra- 
tion in the substrate [see Eq. (5.11)]. Commonly, | Ssu, | < Sy. 

In any case, control of the drain current by the gate is preferable 
because here the input resistance conditioned by the insulator is 
by far higher than when effecting control by the substrate, where 
the input resistance is determined by the reverse current at the 
drain pn junction. 

Let us point out in conclusion that the MOS transistor configura- 
tion considered so far, with the source common to both input and 
output circuits (Fig. 5.92), is the most popular but not the solely 





(a) 


Fig. 5.9. MOS transistor in common-source configuration (a2) and common-gate 
configuration (b) 


feasible configuration. In use is sometimes the configuration with 
a common gate (Fig. 5.9b), which shows rather a low input resistance 
(close to 1/S) and therefore finds application only in special circuits. 


5.2.5. Stability of parameters. With the voltages on the gate and 
drain being specified, the drain current depends on temperature. 
This dependence shows itself as variations in the parameters 0 
and V». The function b (7) is conditioned by the temperature depen- 
dence of carrier mobility, and the function Vy (7) by the tempe- 
rature dependence of the Fermi level [see Eq. (5.3b), where gsm = 
= 29Fl- 

With an increase in temperature, both the specific transconduc- 
tance and threshold voltage decrease in magnitude. The decreases 
in these parameters exert opposing effects on the drain current 
[see Eqs. (5.8) and (5.13)]. At a certain value of J, the effect of 
b (f) counterbalances the effect of Vy» (7). The stable current that 
results is called critical. The presence of critical current is an impor- 
tant feature of MOS transistors—it offers the opportunity for tem- 
perature stabilization of circuits in a simple manner, by choosing 
the value of working current. 

Proceeding from the condition dJ,/dT = 0 (and allowing for 
derivatives 0b/0T and OV,/(0T), we can obtain the gate voltage 
that corresponds to the critical current 


Ves er — Vo = 0.8V to 2.4V (5.23) 
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Here the lowest value corresponds to an impurity concentration 
in the substrate of 10! cm-*, and the highest to an impurity con- 
centration of 10 cm-*. The critical current is commonly one-fifth 
to one-tenth as high as the rated current given by Eq. (5.9). 

In the current range I, > J, ., (in particular, at the rated cur- 
rent), the temperature coefficient of current is positive, and in the 
range I,<( I, (microampere range) the TC is negative. The 
temperature instability is commonly defined not by the current 
increment but by the equivalent voltage increment AV,, which 
results from the apparent relationship: AV,, = Al,/S. The tem- 
perature sensitivity for currents close to the critical value is equal 
to +0.5 mV °C-!, for “supercritical” current to +- (8 to 10) mV °C-, 
and for “subcritical” currents to — (4 to 6) mV °C-?. 

As with the drain current, the transconductance of a MOS tran- 
sistor depends on temperature through the same parameters b and 
V). Therefore, along with the concept of critical current, there is 
a concept of critical transconductance, which sets in when the effects 
of b (T) and Vy (7) on the transconductance cancel out. The critical 
transconductance takes place at a current below the critical value. 

What affects rather heavily the parameters of a MOS transistor 
is that its main working region—channel—borders directly on 
a foreign substance, dielectric. Instability largely appears as varia- 
tions in threshold voltage due mainly to changes in the equilibrium 
surface charge Qo, [see Eq. (5.3a)]. The surface charge varies, for 
example, because of motion of donors always present in the dielectric 
film. The donors can move by diffusion at high temperature or by 
drift in a strong gate field. Acceptor impurities that can casually 
get into the dielectric film or on its surface partially cancel out 
the donor charge, which also causes changes in the surface charge 
and threshold voltage. 

With the current flowing in the circuit, an exchange of electrons 
inevitably takes place between the channel and traps lying in the 
dielectric film. Such an electron exchange mainly causes a random 
current — one of the main components of intrinsic noise in a tran- 
sistor. This component relates to the category of excess noise attri- 
butable not to the discrete structure of the flow of carriers but to. 
additional factors—presence of the adjacent dielectric for the case 
under consideration. Thus one of the limitations of MOS transistors 
is an increased level of intrinsic noise. 


5.2.6. Transient and frequency response. A small-signal MOS tran- 
sistor model in its general form is shown in Fig. 5.40a. Since the 
transistor is assumed to be operated in the flat region of the I-V 
characteristic, we can use the quantity r, as the channel resistance. 
The elements reflecting the amplifying ability of the transistor are 
current sources S,Vz, and Ss,,Vsup 5. The resistances Rg, and Rgg 


11% 
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are gate insulator resistances, which are generally neglected because 
they range from 10** Q to 10/4 Q and over. The resistances Reup 5 
and Reyp qg are the resistances of reverse biased source and drain pn 


C, gd =D Csub d 
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Fig. 5.40. Small-signal MOS transistor circuit models 
(a) complete; (b) simplified, at Vp 5 = 0 


junctions; they average 10° to 10'! Q. The capacitances Cy, , 
and Czyp q are barrier (junction) capacitances of the same elements; 
their values depend first of all on the source and drain areas. If. 
for example, each of these electrodes measures 20 by 40 pm?, then 
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Fig. 5.41. Gate overlap and overlap 
capacitances 






Cour a = Coun s = 0.12 pF at a capacitance per unit area of 150 pF 
(see p. 98). Finally, the capacitances C,, and C,zq are the capacitan- 
ces of the metal gate electrode with respect to the source and drain 
regions, 

For the most widely used variant, in which the source is connected 
to the substrate, the current source S.y,Vsuy 5 is absent, and the 
resistance R;,, 5 and capacitance C,,» , are short-circuited. Besides, 
if the resistances R,, and Rgq are neglected, the equivalent circuit 
of Fig. 5.40 results (the subscript g for S being omitted for simpli- 
city). This circuit is the basic one for most practical calculations. 

Figure 5.11 illustrates the origin of capacitances Cg, and Cgq. 
They stem from the so-called overlapping of the source and drain 
regions by the gate (gate overlap in short). For technological reasons 
it often proves impossible to place the gate electrode exactly between 
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the m+ layers as shown in the idealized structure of Fig. 5.2. This 
leads to the appearance of parasitic capacitances C,, and Cgq bet- 
ween the gate edges and the n+ Jayers. These capacitances are nor- 
mally a few times smaller than the barrier capacitances, though the 
role they play, in particular the capacitance C4, is significant. 

The gate-to-cliannel capacitance C, is not shown on Fig. 5.10 
since the lag it introduces is reflected in the transconductance pre- 
sented below. 

The response lag of MOS transistors with fast changes of control 
voltage V,, is attributed to two factors: recharging of gate-channel 
capacitance C, and recharging of interelectrode capacitances. 

The first factor can be explained in the following way. A step 
of voltage V,, involves a change of the field in the dielectric near 
the source. So long as this change does not propagate up to the 
drain, the current Jg remains invariable. The propagation time 
depends on the speed of charging of C, through the channel resis- 
tance. 

As for the second factor, the explanation is the following. Even 
if the current J, should grow stepwise, the voltage V, and hence 
the current in the external circuit will rise smoothly as a result 
of the recharge of interelectrode capacitances. The rate of this 
recharging depends on external resistances and thus is independent 
of the properties of the transistor itself. Other things being equal, 
the recharging rate increases with decreasing interelectrode capaci- 
tances. In this respect, the capacitance values can serve as a meas- 
ure of the transistor transient and frequency response. 

From the above it is clear that the relative roles of both time 
lag factors are in principle not identical and the character of each 
largely depends on the type of circuit. All the same it is obvious 
that the second factor (the time of charging of C,) is the limiting one: 
this factor determines the transient response of a MOS transistor 
with the drain short-circuited (when the effect of interelectrode 
capacitance is absent). 

Strictly speaking, the drain circuit represents a system with 
distributed parameters. In engineering practice, however, it is 
expedient to approximate it by a simple RC circuit comprising 
the gate-channel capacitance C, and channel resistance Ro. 

The channel resistance is given by Eq. (5.17). The gate-channel 
capacitance is easy to determine knowing the area of the gate, 
ZL, and its per-unit area capacitance [see Eq. (5.1)]: 


Eo 
C= a ZL (5.24) 
The charging and discharging of the RC circuit are described by the 


simplest exponential function. The same function can be applied 
to describe the transistor transconductance since this function 
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characterizes changes in current J_ with the given step of voltage 
Vs. Consequently, the transconductance in operator form may be 
written as 

S 
1+sts 


where tg = C,Ry is the time constant of transconductance. In its 
complex form, the transconductance is 


5 Ss 
where ws = 1/tg is the cutoff frequency of transconductance. The 
modulus and phase of expression (5.26) will be respectively the 
amplitude-frequency and phase-frequency characteristics of trans- 
conductance. 

The time constant tg can be readily obtained by multiplying 
the capacitance of (5.24) and channel resistance of (5.17). Consider- 
ing Eq. (5.7), we get 

Ll? 
bt (Vgs —Vo) 


Thus if ZL = 10 um, pw = 500 cm?/V s, and Vz, — Vo = 4 V, then 
ts = 0.5 ns. Hence fs = (1/2n) wg ~ 300 MHz. 

From expression (5.27) it is obvious that n channels are more 
preferable than p channels since the former have higher mobility pw. 
Also, the expression reveals the dominant role of channel length. 
At the present state of the art, it has become possible to fabricate 
MOS transistors with a channel length shorter than 1 ym, thus reduc- 
ing ts below 0.01 ns and pushing fg above 15 GHz. These values 
of parameters often allow us to neglect the transconductance lag and 
consider the transient response of a MOS transistor to be determined 
only by the interelectrode and parasitic capacitances. 


(5.27) 


Ts = 
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The idealized structure of a modern JFET is given in Fig. 5.12. 
Here the metal contact together with the p+ layer plays the role 
of a gate, the latter being separated from the n-semiconductor by 
the reverse-biased pn-junction depletion region rather than by the 
insulator as is the case with MOS transistors. 

Generally speaking, the p* layer is dispensable in this structure: 
the depletion region can also exist if metal is in immediate contact 
with semiconductor (see Sec. 3.3). The transistors of such a structure 
are known as Schottky-barrier FETs. The basic properties of both 
varieties are the same, so we Shall consider only the transistors with 
a pn junction, the analysis of which is more illustrative. 
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It will be explained below that for normal operation of a field 
effect transistor, the thickness of the working layer under the gate 
(denoted a in Fig. 5.12) must be not over a few micrometers. Semi- 
conductor crystals of such a thickness prove unsuitable for use due 


Fig. 5.12. Structure of a junction 
FET 





to brittleness. For this reason the structure of Fig. 5.12 should be 
understood to be a thin 7 layer located on a thicker “bearing” wafer, 
not shown on the figure. The techniques for producing thin layers 
are discussed in Sec. 6.3 (see Fig. 6.3c). 


5.3.1. Principle of action. The pn junction operates under reverse 
bias. The depletion layer depth / varies in accordance with the law 
described by general expression (3.9). The higher the reverse gate 
voltage, the deeper the depletion region and thus the smaller the 
channel thickness w. So, by varying the reverse gate voltage, it 
is possible to vary the cross section of the channel and, hence, its 
resistance. With the voltage present at the drain, the channel cur- 
rent will change, that is, the output current of the transistor. 

Power gain is due to a low value of input current. In JFETs, 
the input current is the reverse current applied to the pn junction. 
For silicon pn junctions of small area, the reverse current is merely 
10-"! A and below. 

Consider now how the thickness and resistance of the channel 
vary with the control voltage on the gate at zero drain voltage. 
The channel thickness, as shown in Fig. 5.12, can be written in the 
form 

w=a—l 


where a is the distance from the “bottom” of the n layer to the metal- 
lurgical boundary of the junction. Ignoring the equilibrium height 
of the potential barrier and applying accordingly Eq. (3.10) for / 
yields the relation between the channel thickness and gate voltage: 


waa—V re (5.28) 


By V,, here and below we shall mean the modulus of voltage on 
the gate. 
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Given the condition w = 0, it is easy to determine the cut-off 
voltage at which the depletion layer extends across the whole of 
the channel and the current in the channel stops flowing: 

N 
Veo= ee @ (5.29) 
For example, at N = 5 x 10 cm-® and a = 2 um, the cut-off 
voltage Vgo = 12.5 V. This voltage will be slightly lower if we 
allow for the potential barrier height. 

As apparent from the above, the thickness of the working layer and 
impurity concentration in it must be fairly small, otherwise the cut-off 
voltage may grow high so that complete control of current, starting 
from the zero value, will practically be impossible. 

Using the quantity V9, the channel thickness may be written as 


w=a(t—-Y/ Fe) (5.30) 


This thickness remains a constant value over the channel length. 
The channel resistance in this case is 












oL Ves \' 
Ry =23(1— Ves ) (5.34) 
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aa where Z is the channel width shown 
in Fig. 5.12, 9 is the resistivity of the 

(a) niayer. Atp =1 Q cm, a= 2 ym, 

and Vz, = 0, the minimum value of 
if eee Ro min 180.5 kQ. At Vgs/V go = 0.5, Ro 


rises up to 1.8 kQ. 
SQM 










5.3.2. Static characteristics. With 
the voltage Vz; applied, a current 
starts flowing through the channel 
and its surface adjacent to the dep- 
letion region ceases to be equipotenti- 
al. The voltage across the junction 





B = 


Fig. 5.43. Cross section of the begins to vary along the z axis and 
channel of a JFET in unsatura- grow near the drain. Hence the deple- 
ted state (a), near saturation (b), tion region width, according to (3.10), 


andy eis eeturated mode*(¢) grows from the source toward the 


drain (Fig. 5.13a). 

When the potential difference Vz, — Vs (where Vz, < 0) reaches 
the cut-off voltage Vz», the channel thickness near the drain comes 
to zero, resulting in the pinch-off of the channel (Fig. 5.13b). In 
distinction to the condition Vz, = V go, the now prevailing condition 
does not lead to the cut-off of current, because the pinch-off itself 
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is the consequence of current increase. What takes place here is 
the cut-off of current increments, that is, current saturation. 

The formation of the pinch-off region (the “neck” in the channel) 
is known from the discussion of MOS transistors. When Vy, — 
— Vg. > Veo, the pinch-off region extends toward the source, and 
so the channel hecomes a little shorter (Fig. 5.43c). This process 
is also typical of MOS transistors. 

To sum up the above discussion, we write the JFET saturation 
condition for Vz, <0 in the form 


Va sat — Veo +o Ves (5.32) 
The family of drain current-voltage characteristics (called output, 
or drain characteristics) appearing in Fig. 5.14a is similar to the 


Ty ,mA 
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Fig. 5.14. Static drain (a2) and transfer (b) characteristics of JFETs 


family of J-V characteristics for MOS transistors, shown in Fig. 5.7a. 
However, as the gate voltage grows in magnitude, the drain current 
of a JFET does not rise, but falls off. We have ground to say that 
the JFET typically operates in the depletion region as does the 
built-in channel MOS transistor presented in Fig. 5.3. 

The set of drain current-gate voltage characteristics (Fig. 5.14b) 
differs from the similar set of characteristics for MOS transistors 
(see Fig. 5.7b) in that the current flows at zero gate voltage. Condi- 
tionally, it is safe to say that the cut-off voltage of the JFET is 
equivalent to the negative threshold voltage of the n-channel 
MOSFET. 

An important feature of the characteristics of Fig. 5.14b also 
consists in that the voltage on the gate can only be of one polarity— 
negative with respect to the source in the given case. Should the 
contrary be true, the forward voltage appearing across the pn junc- 
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tion would cause injection of minority carriers, thereby disturbing 

the normal operation of the transistor. Let us note that in built-in 

channel MOS transistors, which resemble JFETs, there is no limi- 

tation on the polarity of control voltage because they have the 

gate insulated from the channel with a dielectric material. 
Analytical expressions for the J-V characteristics of a JFET are: 
in the steep region 





_ 4 2 Vil? —(Vgs+Vas)?/? - 
= Fema Yat ip — | ee 


in the flat region 


4 1 2 Ves | 
ale 7a [4¥p—Vae(t1-2V 78 )] (5.34) 
where Ro min is the channel minimum resistance at V,, = 0 [see 
Eq. (5.31)]. Expression (5.34) approximates well to a quadratic 
equation similar in form to (5.8) for MOS transistors: 


Ta= 1/2. (Vgo—Ves)? (5.35) 


Here the coefficient b, analogous to the specific transconductance 
of a MOS transistor, has the form 


4eqeuZ 
b= i a (5.36) 

Thus if » = 1500 cm? V-!s-', Z/L = 10, and a = 2um. then 
b = 0.12 mA/V?. Note that in this example we have taken the 
mobility equal to the value specific to the semiconductor bulk 
because the channel of a junction FET does not extend toward the 
surface. 

Junction FETs, like MOSFETs, exhibit critical current which is 
generally temperature-independent. 

In junction FETs the critical current is due to the opposing effects 
of functions b (7) and V zy (1). Here the function b (7) is associated 
with the mobility-temperature dependence, as is the case with 
MOS transistors. The function Vz. (7) does not follow from Eq. (5.29). 
But if we use a more accurate dependence (3.9) in deriving Eq. (5.29), 
then the latter will include the equilibrium barrier height of the pn 
junction, which is temperature dependent [see Eq. (3.4)]. It is 
the inclusion of this dependence that gives us the value of critical 
current. 

Setting d/ ,/dT = 0, we can calculate the gate voltage correspond- 
ing to the critical current 


Veo — Ves er © 0.65 V (5.37) 


The reader may compare this value with the values given by (5.23). 
The values of critical current usually lie in the microampere range. 
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5.3.3. Small-signal parameters and the equivalent circuit. Using 
the approximation (5.35) yields the expression for transconductance 
in the flat region, which is analogous to Eq. (5.19a): 


S = b (Veo — Ves) (5.38) 


As for the dependence of transconductance on current, formula 
(5.49b) holds good. 

The incremental drain resistance rg is attributed to the same 
factor (channel length modulation) and has the same values as for 
MOS transistors [see Eq. (5.20)]. 

A small-signal circuit model for the junction FET appears in 
Fig. 5.15. The elements of this circuit are in essence the same as 
they are in the MOS transistor model of Fig. 5.10. Here, rg is the 
incremental channel resistance in the 
flat region of the J-V characteristic, 


SV, is the current source represen- 
ting the amplifying capability of the 
transistor, Rz, and Rgq are pn jun- 
ction reverse resistances, and Cz, and 
Coq are barrier capacitances at the 
side portions of the pm junction (see 
Fig. 5.12). 

As with MOS transistors, the res- 
ponse lag in current is defined by the 
ae constant of transconductance, ts. Hike BAS: Sipall-aignal’ Subeuie 

ere too, this parameter represents iodel for a JFET 
the product of channel resistance and 
gate-channel capacitance. Since the cross sections of the channel 
and depletion layer are not the same in different regions (see Fig. 
9.13), we shall use average values of w and 1; namely, we set 
Way = lay == 1/2 a. The average capacitance and channel resistance 
will then be written as 





= E98 (ZL 
C,= ae = ) (5.39a) 
= L 
The average time constant of transconductance will take the form 
ts = 4e,e0L?/a? (5.40) 


This expression can be reduced to the form of (5.27) for MOS tran- 
sistors by substituting a? from Eq. (5.29) into (5.40) and taking 
into account the relation gVu =o = 1/p [see Eq. (2.24)]. The 
expression for tg thus is 

bi: Jat 
a BV go 





(5.41) 
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So the transient and frequency characteristics for junction FETs and 
MOSFETs can in principle be identical. However, transistor engi- 
neering has yet to find practical approaches to producing the channel 
length in junction FETs as short as it is in MOS transistors. This 
is the reason why the transient response of JFETs is much lower. 

It is natural that JFETs are inferior to MOS transistors in the 
value of input resistance too: it results from the reverse current of 
the pn junction and does not commonly exceed 10" Q. As the tem- 
perature rises, the input resistance drops fast and can fall down 
to 107 Q and even below at the boundary of the operating area 
(125°C). 

Important merits of the junction FET are a high stability of its 
characteristics with time and low intrinsic noise level. The reason is 
that the JFET has its channel isolated from the surface by the 
depletion layer that plays the part of a dielectric. So, at the boundary 
between the channel and the “dielectric” there are no crystal defects, 
surface conducting channels, and contaminants which are inherent 
in the MOS transistor and are the cause of instability and fluctua- 
tion noise. The above features also account for the fact that the 
carrier mobility in the channels of JFETs is equal to the bulk mobi- 
lity, which is not the case with MOS transistors (see p. 4157). 

The only inevitable type of noise appearing in the junction FET 
is thermal noise which is specific to the channel as it is to any re- 
sistor. 

Thermal noise is estimated by the Nyquist formula 


Vin n=4kT RAS 


where Af is a frequency band. Substituting Ro min = 0.5 kQ and 
Af = 1 Hz, we get Vin,n © 3 nV. 

In the above analysis we have dealt only with the active portion 
of a field effect transistor—its channel. To take account of the 
effect of passive areas such as source and drain regions shown in 
Fig. 5.12, we have merely to add to the equivalent circuit resistan- 
ces R, and Rg connected in series with the source and drain. These 
resistances do not usually exceed 10 to 20 Q, so their effect is of 
little significance as compared to that of the channel resistance. 


Chapter BASICS OF MICROELECTRONIC 
6 TECHNOLOGY 


6.1. General 


Semiconductor integrated circuit technology is a logical extension 
of the development of transistor planar technology which embodied 
the prior experience gained in the production of semiconductor 
devices. For better understanding of the procedures of IC fabrica- 
tion, therefore, we should be familiar with typical manufacturing 
steps of the entire technological cycle. Hybrid technology has its 
historical roots too. It generalized and perfected the film deposition 
techniques used earlier in radio engineering, machine-building 
industry, and optics. 


6.2. Preliminary Operations 


Single crystals of silicon and also other semiconductors are generally 
produced by the techniques of crystal growth from the melt, the 
most popular being the Czochralski technique of crystal pulling 
(Fig. 6.1). For a crystal to be grown, a silicon seed crystal attached 
to the pulling rod is lowered into contact with the melt and then 
slowly raised and rotated. The liquid column suspended from the 
seed gradually solidifies into a single crystal ingot. 

The crystallographic orientation of the ingot in its cross section 
is defined by that of the seed. Crystals with cross sections lying in 
(111) or (100) planes are much more preferable than crystals of 
other orientations (see Sec. 2.2). 

The standard diameter of crystal rods is at present 80 mm; the 
maximum diameter can be 120 mm and over. The length can be 
1 to 1.5 m, but commonly the rods measure only fractions of this 
size. 

Silicon ingots are first sawed into wafers, or slices, 0.4 or 0.5 mm 
in thickness. In the cutting operation, it is very important that the 
ingot should be rigidly fixed at right angles to the diamond saw 
blade or disk to cut out the blanks of the desired crystallographic 
orientation. 

The surface of blanks is rather uneven: scratches, projections, and 
pits are far larger in size than the potential integrated elements. 
Before starting with basic technological steps, therefore, blanks 
need be repeatedly lapped and polished to produce the smooth and 
shiny surface. Apart from removing mechanical defects, the aim of 
the first stage of lapping made on special turntables is to bring the 
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blanks to the desired thickness, 200 to 300 pm, unattainable in 
sawing, and render the faces parallel to each other. The lapping 
agent is the suspension of micropowders chosen for each cycle of 
lapping in order of decreasing grain size, down to 1 or 2 um. 

The wafers lapped in this stage still have a mechanically disrupted 
surface layer, a few micrometers thick, which covers a yet thinner, 

physically disturbed layer characterized 
by “invisible” crystal distortions and me- 
{ chanical stresses induced in the course of po- 
lishing. 

Finishing polishing is aimed at removing 
the two disturbed layers and decreasing the 
surface unevenness to a level characteristic 

3 of optical systems—down to hundredths of 
a micrometer. This polishing can be of the 
mechanical type (polishing with yet finer- 
grained suspensions) and of the chemical 
type (etching of the surface layer with 
suitable solvents). The etch removes protrus- 

2 ions and cracks on the surface but has no 
time to dissolve the basic material, so the 
whole of the surface becomes more smooth. 

Fig. 6.1. Czochralski tech- After polishing the wafer faces become 

nique of crystal pulling parallel to each other to within units or 
for tte 5 cine orvetal «even fractions of a micrometer per centi- 
grown, 4—seed; 5—hf coil meter of length. 

heater é : 5 

An important process in semiconductor 

technology is also cleaning of the wafer 

surface from organic impurities, particularly from greases. The sol- 

vents used for cleaning and degreasing at increased temperature 
are toluene, acetone, ethanol, and others. 

After etching, cleaning, and many other kinds of treatment, the 
wafers are rinsed in deionized water prepared in special units by 
passing the distilled water through granular resins. The chemical 
reactions occurring between the resins and water lead to binding 
of dissolved ions. The degree of deionization is estimated in terms 
of the resistivity of water, which usually lies in the range 10 to 
20 MQ cm and above; the resistivity of doubly distilled water does 
not exceed 1 or 2 MQ cm. 





6.3. Epitaxy 


Epitaxy is the process of growing single crystal layers on a substrate, 
with the crystallographic orientation of the layer repeating that 
of the substrate material. 
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At present epitaxial growth techniques are generally used for 
depositing thin working layers of a homogeneous semiconductor 
on a comparatively thick substrate that serves as a bearing structure. 

A standard process of chloride vapor phase growth as applied 
to silicon includes the following steps (Fig. 6.2). A boat-type crucible 
preliminarily loaded with single crystal silicon wafers is placed 
inside a quartz tube, and then hydrogen charged with a small amount 









Hy +SiCl, 
H+ PH, 
Ho *+BoHe 
HCL 


Fig. 6.2. Setup for chloride vapor phase epitaxial growth 


1—quartz tube; 2—hf coil heater; 3—boat with wafers, 4—silicon wafer; 5—valve for shut- 
ting off the flow of gas; 6—gas flow rate meter 


of silicon tetrachloride, SiC],, is passed through the tube. A high- 
frequency coil heater heats up the crucible to about 41 200°C to 
trigger the chemical reaction that takes place on the surface of 
wafers: 


SiCl, + 2H, = Si+ 4HCl 


A layer of pure silicon thus forms on the substrate, the vapors 
of HCl being carried away by the stream of hydrogen. The deposited 
silicon layer is a single crystal that continues the single crystal 
structure of the substrate. The control of temperature enables the 
reaction to proceed only on the wafer surface rather than in the 
surrounding medium. 

The process occurring in the gaseous stream is called a gas-trans- 
port reaction, and the gas that transfers a reactant to the epitaxial 
growth region is known as a carrier gas. 

It the vapors of borane, B,H,, or phosphorus trichloride, PH,, 
are added to the vapors of silicon tetrachloride, the epitaxial layer 
of the intrinsic type of conductivity will turn to the layer of p-type 
or n-type respectively, because the acceptor atoms of boron or 
donor atoms of phosphorus will diffuse into the growing layer of 
silicon. 
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In the arrangement shown in Fig. 6.2, provision is made for 
carrying out additional operations prior to epitaxial growth. These 
include blow-through of the tube with nitrogen and shallow etching 
of the silicon surface in the vapors of HCl for its cleaning. 

Thus epitaxy enables the oriented crystal growth of n- and p-type 
layers of any resistivity on the substrate of any type and value of 
conductivity (Fig. 6.3). 

An epitaxial film may differ from the substrate in chemical 
composition. The process of growing such films is called heteroepitazy 





Fig. 6.3. Epitaxial structures 
(a) n film on n+ substrate; (b) p film on n substrate} (c) n film on p substrate, 


in contrast to homoepitazy described above. Of course, the heteroepi- 
taxial process, too, must produce the films whose crystal lattice 
is the same as that of the substrate. The process permits growing 
a silicon film on, say, a sapphire substrate. 

The boundary between the epitaxial layer and substrate cannot 
be ideally abrupt because the impurities partially diffuse from one 
layer into the other in the course of epitaxy. This involves difficul- 
ties in depositing superthin (less than 1 pm) and multilayer epitaxial 
structures. It is the single-layer epitaxial growth that plays the 
leading role at present. This technique has greatly widened the 
scope of semiconductor technology; epitaxy can produce homogeneous 
layers as thin as 1 to 10 um, unachievable so far by any other tech- 
niques. 

Let us note in conclusion that along with vapor phase (gas phase) 
epitaxy, industry uses liquid phase epitaxy—the process of growing 
single crystal layers from the liquid phase, that is, from the solution 
containing requisite components. 


6.4. Thermal Oxidation 


Silicon oxidation is one of the most typical processes in modern IC 
technology. The process provides the film of silicon dioxide, SiO,, 
which serves a few important functions, such as: 

(a) protection of the surface (through its passivation) and, in 
particular, protectior of the vertical pn-junction portions getting 
out to the surface (Fig. 6.4a); 
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(b) a mask defining the windows for introduction of dopants 
(Fig. 6.4.5); 

(c) a thin insulator under the gate of a MOS transistor (Fig. 6.4c). 

The wide opportunities offered by SiO, are one of the reasons 
why silicon has become the main material for the fabrication of 
semiconductor ICs. 

The surface of silicon is inherently coated with an oxide film 
resulting from natural oxidation at low temperatures. But this 
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Fig. 6.4. Silicon dioxide film performing the functions of protective layer (a), 
mask (b) for selective doping, and thin gate oxide layer (c) 


film is too thin (about 5 nm) to be able to perform any of the above 
functions, and therefore SiO, films are grown artificially at high 
temperatures, from 1000 to 1 200°C. 

Thermal oxidation is conducted in the atmosphere of pure oxygen 
(dry oxidation), in the mixture of oxygen and water vapors (wet 
oxidation), or just in water vapors. In wet oxidation, the oxygen- 
water vapor mixture is prepared by passing oxygen through a bubbler. 

Oxidizing furnaces are similar to the arrangement shown in 
Fig. 6.2. The setup basically consists of a quartz tube to accomodate 
a boat with silicon wafers and a heater such as a hf coil. Dry or 
moistened oxygen or water vapors are forced through the tube. 
Oxygen reacts with silicon in the high-temperature zone to form 
the SiO, film of amorphous structure. 

There are two mechanisms of oxidation. The first includes the 
following stages: (1) diffusion of silicon atoms through the natural 
oxide film to the surface, (2) adsorption of oxygen molecules by the 
surface from the gas phase, (3) the oxidation proper, or chemical 
reaction, which causes a film to grow over the initial silicon surface. 
The second mechanism involves (1) adsorption of oxygen by the 
surface of the natural oxide film, (2) diffusion of oxygen through the 
oxide to silicon, and (3) the oxidation proper. With the second mecha- 
nism, the film grows from the surface into the bulk of silicon. In 
practice, both mechanisms act in combination, but the second pre- 
vails. 
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The rate of oxide growth must obviously decrease with time since 
new oxygen atoms have to diffuse through a yet thicker layer of 
oxide. The semiempirical formula relating the thickness of an 
oxide film to the time of thermal oxidation is 


dxkVt 


where k is a parameter dependent on the temperature and moisture 
content of oxygen. 

Dry oxidation proceeds tens of times slower than wet oxidation. 
For example, the growth of oxide film 0.5 um thick takes aboul 5h 
in dry oxygen at 1 000°C and merely 20 min in moistened oxygen. 
The time period of oxidation lengthens twofold or threefold with 
every decrease in temperature by 100°C. 

In IC technology, it is the practice to differentiate between “thick” 
and “thin” oxide films. Thick oxide films with d equal to 0.7 ot 
0.8 wm perform the function of protection and masking, and thin 
films with d equal to 0.1 or 0.2 tm serve as a gate insulator in 
MOSFETs. 

One of the important problems involved in growing the Sil), 
film is to ensure its homogeneity. Various defects may arise in thr 
film depending on the quality of wafer surface, purity of reagents, 
and conditions of growing. Micropores, macropores, and even pin 
holes, specifically in thin films, are the widespread types of defect. 

A decreased temperature of oxide growth and the use of dry oxy 
gen give oxide films of a higher quality. For this reason, a thin gate 
oxide film which determines the stability of MOS transistor parn 
meters, is grown by the dry oxidation method. In growing a thick 
oxide film, dry oxidation is made to alternate with wet oxidation: 
the first type permits avoiding defects and the second helps cul 
down the time needed for the entire process. 


6.5. Doping 


The introduction of impurities into the starting material (a water 
or epitaxial layer) by diffusion at high temperatures is still the 
basic method of doping of semiconductors aimed at creating diodu 
and transistor structures. We shall focus primarily on this method. 
In the end of this section we shall also give due thought to ionic 
implantation which has gained wide acceptance in the last ten years. 


6.5.41. Diffusion methods. Diffusion can be total, or overall, anid 
selective or local. In the first case, diffusion occurs over the entire 
surface of the slice (Fig. 6.5a), and in the second case only in the 
definite portions of the slice through the windows in the mask such 
as the silicon oxide film (Fig. 6.5b). 
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Overall diffusion produces a thin diffused layer on the wafer 
surface that differs from the epitaxial layer by the inhomogeneous 
distribution of an impurity in depth (see the N,-z curve in Fig. 6.5). 

In local diffusion, the impurity penetrates not only into the wafer 
hulk at right angles to the wafer plane but also spreads over parallel 
to the wafer plane that is, under the mask. As a result of this lateral 
diffusion, the pn junction portion that extends outward becomes 
protected by the oxide (see Fig. 6.5b). The relation between the 
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lig. 6.5. Total (a) and selective (b) diffusion of impurity into silicon 


depths of lateral and “vertical” diffusions depends on a number of 
fuctors, including the diffusion layer thickness LZ. The lateral dif- 
fusion depth is generally equal to 0.7 L. 

Diffusion can be performed once and repeatedly. For example, 
in the first stage of diffusion, it is possible to dope the starting 
n type slice with an acceptor impurity to produce a p layer and 
then, in the second stage, to drive a donor impurity into the p 
luyver to a smaller depth and thus form a three-layer structure. So 
diffusion can be of the double and the triple type. 

In conducting multiple diffusion, one must see that the concentra- 
lion of every new impurity being introduced exceeds the preceding 
impurity concentration, otherwise the type of conductivity will 
wimain the same and, hence, the pn junction will not be formed. 
(1 the other hand, the impurity concentration in silicon or any 
uther starting material cannot be infinitely large: it has an upper 
limit determined by the parameter called the solid solubility of an 
mpurity. The solid solubility depends on temperature. At a certain 
\emperature, the solubility reaches its maximum, Nya, and then 
starts to fall off. Table 6.1 gives the maximum solid solubilities 
vw! some impurities and corresponding temperatures. 

In the last stage of multiple diffusion, therefore, the chosen 
impurity must have a maximum critical solubility. Since the range 
ut available impurity materials is limited, it is not possible to 
turry out more than three diffusions in succession. 


1% 
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Table 6.1 
Maximum Solid Solubility of Typical Impurities in Silicon 





Impurity | AS | Pp B | Sb 





Nmax, em? 20x 1020 | 13x 4020 5x10 | 0.6x 1026 
(4150°C) | (4.450°C) | (4200°C) | (4300 °C) 





The dopants such as boron, phosphorus, and others introduced by 
diffusion are called diffusants whose sources are chemical compounds. 
These can be liquids (BBr,, POCI), solids (B,0;, P,0;) and gases 
(BH, PH,). F 

As with epitaxial growth and thermal oxidation, the process of 
doping involves gas-transport reactions carried out in single-zone 
or double-zone diffusion furnaces. 

A double-zone furnace (Fig. 6.6) consists of two high-temperature 
zones, one for decomposing the solid source of a diffusant and the 





Fig. 6.6. Double-zone diffusion furnace 
1—quartz tube; 2—carrier gas; 3—diffusant source; 4—diffusant source vapors; 5—crucible 


with wafers; 6—silicon wafer; 7—first high-temperature zone; 8—second high-temperature 
zone 


other for performing the diffusion proper. The vapors of the diffu- 
sant source get into the stream of a neutral carrier gas, such as 
argon, which transfers the gaseous reactant to the second zone over 
the slices placed in a boat. The temperature in the second zone 
is higher than that in the first. The diffusant atoms penetrate the 
crystal lattice at the slice surface, while other components of the 
chemical compound are swept away from the reaction zone with the 
carrier gas. 

Liquid and gaseous sources of a diffusant do not need high tem- 
perature for evaporation, and so they allow the use of single-zone 
furnaces; a diffusant source is forced into the furnace tube in the 
gaseous state. 

Where the use is made of liquid sources of a dopant, the diffu- 
sion is performed in the oxidizing atmosphere by adding oxygen 
to the carrier gas. Oxygen combines chemically with the surface 
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atoms to form the oxide SiO,, which is in essence a glass. In the 
presence of a diffusant such as boron or phosphorus, a borocilicate 
or phosphocilicate glass is formed. At a temperature above 1 000°C, 
these glasses are in the liquid state. They coat the silicon surface 
with a thin film, so that the diffusion takes place, strictly speaking, 
from the liquid phase. The glass solidifies to produce a sealing layer 
that protects the silicon surface at the spots of diffusion, that is, in 
the windows of the oxide mask. With the use of solid difiusant 
sources (oxides), the glass layer forms in the process of diffusion 
without the addition of oxygen. 


6.5.2. Theory of diffusion. The basic concepts of the theory of 
diffusion rely on the two laws of Fick. Fick’s first law relates the 
flow density of particles, J, to their concentration gradient. For 
the one-dimensional case, 


= —D (dNidz) (6.1a) 


where D is the diffusion constant, and / is the concentration. 
Fick’s second iaw defines the rate of accumulation of particles 
(impurity atoms in the given case): 


dN/ét =: D (02N/dz*) (6.1b) 


From Eq. (6.10) we can find the function N (z, ¢t), that is, con- 
centration distribution N (z) at any moment of time. For this we 
should set two boundary conditions. 

Let the coordinate z = 0 correspond to the plane of the slice 
through which the impurity is introduced (see Fig. 6.5). The coor- 
dinate of the opposite plane will then be equal to the slice thickness d. 
The depth of diffused layers is practically always much Jess than 
the slice thickness (see Fig. 6.5); therefore we can assume NV (d) = 0. 
From the mathematical standpoint, it is more convenient to consider 
the slice infinitely thick and take the following relation as the 
first boundary condition: 


N (co, t) =0 (6.2) 


The second boundary condition has two variants which correspond 
to two variants of the real manufacturing process. 

4. Unlimited impurity source. In this case the diffusant conti- 
nuously flows to the slice, so the impurity concentration in its 
surface layer remains constant. 

The boundary condition for this variant is of the form 


N (0, t) = N, = constant (6.3a) 


where NV, is the surface concentration or, more exactly, the concentra- 
tion in the surface layer. The amount of diffusant transferred to the 


182 Ch. 6. Basics of Microelectronic Technology 


slice generally ensures the conditions of critical solubility, NV, = 
= cr: 

2. Limited impurity source. In this case, a certain amount of dif- 
fusant atoms are first introduced into the surface layer of the slice, 
and then the diffusant source is cut off to allow the redistribution 


4M 





Fig. 6.7. Distribution of an impurity in the process of diffusion from the un 
limited source (a) and limited source (b) as a function of time 


of the invariable quantity of impurity atoms over the depth of the 
slice. The first stage represents the predeposition step, and the 
second the drive-in step. 

For this variant we can write the condition in the form 


j N (x) dx = Q =constant (6.30) 
0 


where Q is the amount of impurity atoms per unit area, specified 
at the predeposition stage. 

Solving Eq. (6.1b) for the boundary conditions (6.2) and (6.3a), 
we find the impurity density distribution for the unlimited source 
case (Fig. 6.7a): 


N (a, t) =N,erfe (2/2 V Dt) (6.4a) 


where erfc (z) is the complementary error function comparable to the 
exponential function e~* (see p. 72). 

The solution of (6.10) for the conditions (6.2) and (6.3b) gives 
the density distribution for the limited impurity source (Fig. 6.7b) 


N (a, t)= e-#/4Dt (6.4b) 


aes see 

VaVDi 

In the given case, the distribution follows the Gaussian function 

characteristic of which are the zero initial derivative, the inflection 
point, and almost an exponential tail behind this point. 


6.5. Deping 183 


By the depth of a diffused layer, or diffusion depth, one understands 
the coordinate x = Ly for which the diffused impurity concentra- 
tion N is equal to the initial impurity concentration No (see Fig. 6.7). 
The quantity Ly can easily be found from Eqs. (6.4) by setting 
N = No. 

Approximating the function (6.4a) by an exponential function, 
we obtain Ly for the unlimited source: 


Ly 2 YV Dt In (N,/No) 


Taking the logarithms of both sides of (6.4b) gives L for the limited . 
source: ; 
Ly =2YV Dt In NW aDr 

Both expressions have the same structure and allow us to make 
two important general conclusions. 

4. The diffusion time rises as the square of the diffusion depth desired, 
so the growth of deep diffused layers takes much time; the depth of 
diffused layers in ICs usually lies in 
the range from 1 to 4 um. 2, em*/s Days 

2. For the given depth of a diffused 
layer, a change in the diffusion coeffi- 
cient is equivalent to a change in the 
time of diffusion. 

The second conclusion deserves 
a more detailed consideration. Fig. 
6.8 shows the temperature dependen- 
ce of diffusion constants for some 
materials used in IC technology. It 
is apparent from the graphs that this 7000 7200 7,°C 
dependence is exponential and thus 
rather strong: at AT = 100°C the di- Fig. 6.8. The diffusion con- 
ffusion coefficient varies by a factor eee of snp come y 

° * 3 
of 10, and a AT = +1°C it chan- cenipsratare (for gold, the scale 
ges by 12.5%. is 10-5 times as Targe) 

The latter variation in the diffu- 
sion coefficient would seem to be 
small, but a simple calculation can help understand its true signi- 
ficance. If AD/D = 2.5%, then the scatter in diffusion depth will 
reach +1.25% or about --0.05 pm at Ly = 4um. So the base width 
w = Ly, — Lye can be in error to 0.1 pm or 20% at w set equal 
to 0.5 um. Since the coefficient B and cutoff frequency f, are in in- 
verse proportion to w”, the spread of these quantities will exceed 40%. 

The above example clearly points to the need for precision control 
of temperature in diffusion furnaces. The permissible variation in 
furnace temperature lies within +0.2°C, or hundredths of a percent. 





184 Ch. 6. Basics of Microelectronic Technology 


6.5.3. Ion implantation. This is the method of doping of a slice 
(or an epitaxial layer) by bombarding it with impurity ions accele- 
rated to an energy enough to enable the ions to penetrate rather deep 
into the slice bulk. 

Special installations similar to charged-particle accelerators em- 
ployed in nuclear physics provide for ionization of impurity atoms, 
ion acceleration, and focusing of the ion beam. The dopants are the 
same as those used in the diffusion process. 

The depth of penetration of ions depends on their energy and mass. 
The larger the energy of ions, the greater the thickness of the implan- 
ted layer. The increased ion energy, however, produces more radia- 
tion defects which impair the electrophysical properties of a crystal. 

The upper limit set on the ion energy 
MN, em-3 stands at 150 to 200 keV, the lower 
limit being set at 5 to 10 keV. In this 
energy range, the penetration depth 
reaches 0.1 to 0.4 um, which is much 
smaller than the typical depth of diffu- 
sed layers. 

The impurity concentration in the 
implanted layer depends on the cur- 
rent density in the ion beam and the 
process duration, or what is called the 
0 at 02 ty tum exposure time. The time of exposure 

ranges from a few seconds to 3 to 5 

Fig. 6.9. Impurity distribution min and over, sometimes to 1 or 2h, 

in ion implantation depending on the current density and 

the desired impurity concentration. It 

stands to reason that the longer exposure of a slice to the ion beam 
leads to a greater number of radiation defects. 

A typical impurity distribution in ion implantation is illustrated 
in Fig. 6.9 by a solid curve. As seen, the distribution curve shows 
a maximum and hence differs substantially from the curve typical 
of diffusion. Near the maximum, the curve is well approximated by 
the Gaussian function [see Eq. (6.45). 

Since the area of the ion beam is merely 4 or 2 mm’, which is much 
smaller than the area of a slice, the ion implantation setup must 
have a special deflection system to scan the beam, that is, to deflect 
it smoothly or stepwise and in an adequate sequence along all the 
“lines” of the slice containing integrated circuits. 

After completion of the doping process, the slice should be subjec- 
ted to annealing at 500 to 800°C to ensure ordering of the silicon cry- 
stal lattice and eliminate the inevitably present radiation-induced 
defects, if only partially. At the annealing temperature, the diffu- 
sion processes change somewhat the profile of distribution (see the 
dash line of Fig. 6.9). 
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Ion implantation, like diffusion, can be overall and local (selec- 
tive). In the latter, more typical case, the irradiation (ion bombard- 
ment) is performed through masks in which the free path of ions 
must be much shorter than that in silicon. The materials of masks 
can be silicon oxide and aluminum which find extensive uses in IC 
fabrication. An important merit of ion implantation is that ions, 
travelling along the straight line, penetrate only into the slice bulk 
at right angles to the surface and do not affect the regions under the 
mask; in other words, the process analogous to lateral diffusion does 
not exist here. 

As with diffusion, multiple ion implantation for “driving” one layer 
into the other is in principle possible. However, it is difficult to 
compromise between the ion energy, exposure time, and annealing 
conditions required for multiple ion implantation. For this reason 
ion implantation enjoys popularity mainly in growing thin single 
layers. 

The main advantages of ion implantation are a low temperature 
needed for the process and its good controllability. The first feature 
offers the possibility of performing ion implantation at any stage 
of the technological cycle, thereby dispensing with the additional 
diffusion of impurities into the layers prepaired earlier. 


6.6. Etching 


Itching is usually associated with the process that uses special solu- 
tions—etches—-for total or localized removal of the surface layer of 
a solid to the desired depth. Indeed, liquid etchants remain the 
basic agents for accomplishing the end. But at present new means 
have hecome available to microelectronic technology to perform the. 
same task. In the general case, we can regard etching as a nonmecha- 
nical process aimed at changing the relief of the surface of solid 
body. 

The classical process of chemical etching represents the reaction 
of a liquid etchant with a solid to yield a soluble compound mixed 
up with the etchant and then removed with it. Conversion of the 
surface layer of a solid to a solution is nothing else than elimination 
of this layer. But in distinction to mechanical removal of a surface 
layer, etching affords a far higher precision: dissolution occurs uni- 
formly, the etch dissolves one monomolecular layer after the other. 
Choosing the right etch, its concentration, temperature and pe- 
riod of the etching procedure makes it possible to control rather 
accurately the thickness of the layer being etched. In chemical poli- 
shing of a silicon slice (see Sec. 6.2), the correctly chosen etchant can 
ensure an etch rate of 0.1 um/min, thus enabling the removal of a 
layer merely 40 to 50 nm thick in 20 to 30 s. 
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For greater uniformity of etching and better expulsion of reaction 
products from the surface, the tray with a solution is rotated in an 
inclined position (dynamic etching), or else the solution is stirred with 
an ultrasonic vibrator (ultrasonic etching). 

Of course, etching obeys the laws of physical chemistry, but in 
real conditions many stray factors come into play, so that the ap- 
proach is to formulate etchants for each material experimentally 
rather than by calculations. 

Local etching (through a protective mask) inherently causes the 
so-called lateral etching or undercutting (Fig. 6.10a)—the effect in 
a way analogous to lateral diffusion (see Fig. 6.5b). What underlies 


Etchant 





Fig. 6.10. Selective silicon etching 
(a) isotropic; (b) anisotropic 


this effect is that etching proceeds not only in the direction of the 
slice bulk but also in lateral directions, under the mask. As a result, 
the walls of the etched pit become slightly sloping, and the pit area 
a little larger than the area of the window in the mask. 

Electrolytic etching is the process in which the chemical reaction 
of a liquid with a solid and the formation of a soluble compound oc- 
cur under the effect of an electric current passed through the liquid. 
The solid here plays the part of one of the electrodes—anode—and 
thus must have a sufficient conductance, which of course places a 
limit on the list of materials treatable by this process. Electrolytic 
etching offers the advantage of controlling the etch rate by changing 
the current in the circuit or discontinuing the process! by cutting 
off the current. 

Ionic etching, which is a specific process applied in microelectro- 
nics, obviates the need for liquids. The etching agent here is a glow 
discharge produced in a vacuum just near the silicon slice being treat- 
ed. The glow discharge space is filled with a quasineutral electron- 
ion plasma. On applying to the slice a sufficiently high negative po- 
tential (with respect to the plasma), positive ions of the plasma begin 
to knock out atoms from the surface, layer by layer, and thus etch 
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the slice’. In a similar manner the surface of a slice can be cleared of 
contaminants, the process being known as ionic cleaning. The const- 
ruction of ion-plasma chambers is described in Sec. 6.9. 

Ionic etching can be total and local (selective), as is chemical 
etching. A definite advantage of local ion etching is the absence of 
lateral etching under the mask: the walls of the etched pit are prac- 
tically vertical and the pit area is equal to the area of the mask win- 
dow. 

The general advantage of ionic etching lies in its universality 
since the process eliminates the need for a painstaking selection of 
etchants for each material, the general disadvantage being that 
the process requires costly arrangements and takes much time to pro- 
duce the desired vacuum in chambers. 

Last years have seen the development and wide practical applica- 
tion of what is called anisotropic etching. The technique takes advan- 
tage of the fact that the rate of the chemical reaction underlying 
classical etching depends on the crystallographic orientation. The low- 
est rate is specific to the [444] direction, in which the density of 
atoms per unit area is maximum (see Fig. 2.2), and the highest rate 
to the [100] direction, in which the atom density is at a minimum. 
Special anisotropic etchants can dissolve a material at a different 
rate in different directions, so that the side walls of the pit assume 
a definite relief, a cut. Fig. 6.100 illustrates an example of the cut 
obtained in etching in the (100) plane. As seen, etching proceeds 
parallel to the (111) planes, since in the [111] orientation perpendi- 
cular to the (100) plane the etch is by far lower than in the other di- 
rections. 

The angles at which the side walls of pits are etched off are strictly 
definite and amenable to calculation. For example, the angle between 
the faces (100) and (111) shown in Fig. 6.100 is equal to 61'2°. The 
anisotropic etching technique combined with the masking technique 
enables the IC design engineer to lay out the contours of pits in depth 
as well as along the plane. 

The fact that the (141) plane is impermeable, as it were, to the 
etchant offers one more advantage of anisotropic etching: if the edges 
of windows in the mask are oriented along the (100) axes, the lateral 
etching effect intrinsic in isotropic etching as shown in Fig. 6.10a 
is absent. In anisotropic etching, therefore, the outer dimensions 
of pits may practically coincide with the dimensions of windows in 
the mask. 


1 The voltage in ionic etching is merely 2 or 3 keV, that is, much lower than 
the accelerating voltages applied in ion implantation, and so ions do not drive 
deep into the slice. 
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6.7. Masking 


Masks hold an important place in the technology of semiconductor 
devices. They serve to ensure the local character of deposition, doping, 
etching, and, in some cases, epitaxial growth. Every mask has a pre- 
liminarily designed combination of openings or windows. The pre- 
paration of these windows is the task of lithography or engraving. 
Of all the techniques used for mask fabrication photolithography 
heads the list, so we shall give it primary attention. 


6.7.1. Photolithography. This technique, also called photomask- 
ing or photoengraving uses photoresists which are a variety of photo- 
emulsions applied in conventional photography. Photoresists are sen- 

sitive to ultraviolet light and hence 
they can be processed in a slightly dar- 


4 tL tf \l kened room. 
Photoresists come in negative-ac- 
ting and positive-acting types. The 
iu Hef] i jr] TF. first polymerize under light and beco- 
A 4 me stable to etchants (acidic or alkali- 
ne solutions); after selective exposure 
to light the unexposed portions will be 
soluble as is the case for a common 
photographic uegative. On the contra- 
ry, in positive photoresists the light 
destroys polymer chains so the etch 
will dissolve the exposed portions. 
Fig. 6.11. Fragment of a pho- The structure containing the pat- 
aes shown in plan and in teyn of the future oxide mask is 
eeyee known as a phoiomask (Fig. 6.11) 
This is a thick glass plate one side 
of which is coated with a thin non-transparent film having the desi- 
red circuit pattern in the form of transparent openings. These ope- 
nings or pattern elements are equal in size to the desired integrated 
elements, which can be as small as 20 to 50 um or even 2 or 3 pm. 
Since ICs are fabricated by the batch technique (see Sec. 1.2) the 
photomask has a large number of single-type pattern elements ar- 
ranged along the lines and in columns. Each pattern element is equa] 
in size to the desired IC chip. 

The photolitho technique for opening windows in the SiO, mask 
that covers a silicon wafer consists of a number of steps (Fig. 6.12). 
A small drop of photoresist PR is placed on the oxidized surface 
and the wafer is rotated to spread the photoresist over its surface in 
an even film about 1 jum thick. The film is then left to dry hard. 
Next the photomask FM with its pattern facing the photoresist is 
placed over the wafer and exposed to the light of a quartz lamp 

(Fig. 6.12a). The photomask is then taken off. 
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If the process makes use of a positive photoresist then after its 
development and fixing (hardening and heat treatment) the photo- 
resist layer will have windows in the areas which correspond to the 
transparent portions on the photomask!. We thus have transferred 
image of the pattern from the photomask to the photoresist. The pho- 
toresist layer is now the mask that tightly adheres to the oxide layer 
(Fig. 6.126). 

In the next step an etchant is applied to remove the oxide layer 
through the windows in the photoresist mask as far as the silicon 
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Fig. 6.12. Basic steps in the photomasking process 


(a) exposure of photoresist through photomask; (b) selective etching of SiO, through photo- 
resist mask; (c) oxide mask after photoresist removal 


surface (which is resistant to the etchant used) and thus to open the 
windows in the oxide thereby transferring the pattern from the pho- 
toresist to the oxide layer. The final step involved in the photomas- 
king process comes to etching away the remaining photoresist lea- 
ving intact the oxide mask with windows (Figs. 6.12c and 6.4b). 
The wafer is now ready for such operations as diffusion or ion implan- 
tation etching and so forth until the integrated circuits are com- 
pleted. 

In the technological cycles of production of diodes, transistors, 
and especially integrated circuits, the photomasking process need 
be repeated for the fabrication of, say, base layers, emitters, and 
ohmic contacts. This raises the problem of proper alignment of pho- 
tomasks. Fig. 6.13 gives an example of pattern orientation. 

Assume the preceding photomasking and diffusion processes have 
given a p layer 30 um wide and in the next similar stage we have to 
drive inside the p layer a 10 um wide n-type layer (shown by a dash 
line) shifted 7 pm relative to the p layer centerline. For this we should 


1 The use of a negative photoresist necessitates a negative photomask whose 
nontransparent portions must represent the desired openings in the oxide mask. 
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register the pattern on the second photomask with the diffused struc- 
ture (p layer boundaries) to an accuracy of 4 or 2 um. 

In multiple photomasking (involving 5 to 7 photomasking ope- 
rations in the IC fabrication procedure) tolerances for alignment 
are only fractions of a micrometer. The technique of alignment uses 
registration marks (positioning aids) produced in the form of cros- 
ses or squares on photomasks. These marks subsequently pass into 
the pattern in the oxide layer and are visible under the thin photo- 
resist film. Locating the next photomask on the slice the operator 
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Fig. 6.13. Photomask alignment 
on the surface of an IC substrate 


brings the mark on the photomask in register with the mark in the 
oxide layer in the most accurate way possible, using a microscope 
for the purpose. 

The described photolitho technique is typical for the manufacture 
of oxide masks on silicon slices to make them ready for the subse- 
quent selective diffusion. The photoresist mask (see Fig. 6.12b) 
is an intermediate, auxiliary masking medium since it does not with- 
stand high temperatures common to diffusion. But in some cases 
where the process occurs at low temperatures the photoresist can 
be a basic, working mask. An example can be the process of pro- 
ducing a metallization pattern for semiconductor ICs (see Sec. 6.9). 


6.7.2. Photomasks. The first stage in the process of manufacture 
of photomasks involves preparing an artwork from the completed 
layout design. The artwork is a drawing of one of the elements of 
the photomask! made at a scale of 100 : 4 to 1 000: 4. Sc, a10 x 20 
um rectangle on the photomask corresponds to an artwork portion 
measuring 2 X 4mm or5 X< 10 mm, depending on the chosen scale. 
These artwork elements can be cut to a high precision, with the edges 
of cuts accurate to within +25 wm, or a few percent. The artwork 
for a 1.5 x 1.5 mm chip can measure 50 50 cm and over. 

Artworks are prepared on coordinatographs. Fig. 6.14 illustrates 
one such tool in schematic form for generating artwork. It consists 
Si, a 

1 The photomask element is a portion corresponding to one chip. In the 
batch technique of IC fabrication, the photomask contains hundreds of pattern 
eae produce hundreds of integrated elements on a single slice (see 
Fig. 6.41). 
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of a cutting table 7 with a flat work surface and two movable, mu- 
tually perpendicular straightedges 2 and 3 with a sliding head 4 at 
the point of their intersection. The head has a scriber, or cutter, 5 
that touches the table surface. A glass or plastic base plate 6 of desi- 
red size covered with a thin, dark, strippable film 7 of nitrocellulose 
enamel is placed on the table. By moving straightedges, each paral- 
lel to itself, it is possible to cut horizontal and vertical lines in the 
film, which are the outlines of the desired pattern elements. The 
film cuts are then peeled off the base plate to define the pattern areas. 


aT 
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Vig. 6.14. Schematic of a coordinatograph 


The next stage is a first or intermediate reduction of the circuit art- 
work, using reduction photocameras. In the first step of photomask 
making, the reduction is made on a glass photoplate at the 10x 
or 20 reduction ratio. If the artwork is too large, the intermediate 
reproduction is made in two steps at a total reduction of 50:1 or 
100: 4. 

What follows next is the final step of photoreduction with the simul- 
taneous multiplication to produce a vegular array of images on the 
photographic plate which then serves as a master (see Fig. 6.11). 
The reduction ratio used in the final step depends on the previous 
reductions and commonly ranges from 5:1 to 10:41. An array of 
images is produced with a step-and-repeat camera having an attach- 
ment for stepping the photoplate in the focal plane a small amount 
after each exposure. If, for example. the desired chip must measure 
1.5 by 1.5 mm then the step along the horizontal and the vertical 
should be 2 mm. 

The emulsion layer of a photomask wears away even after 15. 
to 20 photomasking operations. For this reason the master mask is 
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stored in a special room and only used whenever necessary to make 
copies by contact printing. The life of photomasks can be increased 
a hundredfold or more by metallization—replacement of the photo- 
emulsion film by the film of a wear-resisting metal, commonly chro- 
mium. Metallized photomasks are produced by a photolithographic 
method similar to that used for metallization (see below). 
Photomasks are made in sets, each comprising as many photomasks 
as there are photolithographic operations in the technological cycle. 
The photomasks of each set are compatible, that is, they ensure pat- 
tern alignment after bringing the registration marks into coincidence. 


6.7.3. New approaches and trends. The discussed methods had 
long held a firm place in microelectronic technology. Even today 
they have not yet lost their significance. However, the trend toward 
an increased scale of integration and decreased size of integrated 
components has posed a number of problems, some of which have 
been solved and the others are still in the stage of studying. 

Whatever the present significance of photolithography, it is not 
free from limitations which make themselves felt more acutely as 
microelectronics advances further. 

One of the principal limitations relates to resolution, which defi- 
nes the fineness of detail in the produced pattern of the mask. The 
fact is that the wavelengths of ultraviolet light range between 0.2 
and 0.3 um. However small the window in the photomask pattern, 
the size of its image in the photoresist cannot be as small as the values 
given above due to diffraction. The resolution of a photolithographic 
process is defined as 1 000 lines per millimeter (this implies the pro- 
duction in the photoresist of separated windows, or lines, 0.5 wm 
wide). After development and etching of the oxide, the resolution 
decreases to 250-500 lines per millimeter. Meanwhile, line widths 
and spacings of 1 or 2 um now prove insufficiently small in the fabri- 
cation of large and superlarge ICs. 

A most obvious approach to increasing resolution in lithography 
is to use short-wave radiations in exposure, for example, soft X- 
radiation with a wevelength of 4 or 2 nm. This approach is still in 
the stage of research and development since it requires the solution 
of a variety of complex technological problems and necessitates re- 
equipment to meet the demands. 

Indeed, the use of short-wave radiation in itself cannot solve 
either the problem of decreasing the size of circuit elements or the 
problem of pattern alignment. What is needed here is a new technique 
for the fabrication of masks with submicronic pattern elements 
(the use of X-ray radiation is one of the approaches to the solution 
of the problem). Also, there is a need for new resists of increased re- 
solution and appropriate chemicals for their treatment. Last, a basic 
problem that awaits its solution is to choose or develop an adequate 
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source of X-radiation. One of the variants is a synchrotron, an instal- 
lation applied in nuclear engineering that might be adapted to fill 
the needs of microelectronics. However, this unique installation is 
too costly for use in industry on a large scale. 

Even after bringing the above problems under control, it is out 
of the question to expect to have integrated elements with dimen- 
sions lying in the nanometer range. There are a number of factors 
which stand in the way of reaching this range, such as undercutting 
of a resist and silicon dioxide, lateral diffusion, or spreading of ions 
under the mask in ion implantation. Thus X-radiation lithography 
is expected to produce circuit elements of fractions of a micrometer in 
size, that is, an order of magnitude smaller than the present inte- 
grated elements. The trend aimed at decreasing the size of circuit 
elements, using, in particular, X-radiation and electron beams 
(see below), has received the name nanoelectronics (submicronic 
technique). 

One of the weak spots in classical photolithography is mechanical 
contact between the photomask and substrate coated with the pho- 
toresist. This contact cannot be too perfect, so it leads to various 
kinds of distortion of the pattern. The competing technique is project- 
ion photolithography in which the pattern on the photomask is pro- 
jected on the substrate with the aid of a special optical system. The 
technique uses an intermediate mask because the optical system secu- 
res the desired reduction. The regular array of images of the pattern 
are transferred to the substrate by shifting it stepwise under the 
projector. 

In widespread use now are pattern generators. These are computer- 
aided automatic setups which make a photomask from nontranspa- 
rent plates of various shapes according to a special program. The 
program provides for precision slits between these plates, which serve 
for exposure of the photoresist. Pattern generators do away with the 
complex and multistep process of making conventional photomasks. 

Last years have seen the emergence of electron beam lithography. 
The essence of the technique is the following. A focused electron beam 
of computer-contrelled intensity scans, line by line, the substrate sur- 
face coated with a resist. At the points which must be “exposed” the 
current of the beam is the highest, and at the points which must be 
“unexposed” the current is the smallest or equal to zero. The electron 
beam diameter is directly dependent on the beam current: the smaller 
the beam diameter, the lower the current. However, the exposure 
time grows with a decreasing current. Therefore an increase in reso- 
lution (decrease in the beam diameter) tends to lengthen the process. 
For example, the procedure of substrate scanning with a beam 0.2 
to 0.5 um in diameter can last from tens of minutes to a few hours. 

One of the variants of electron beam lithography dispenses with 
resist masks at all and exposes, the oxide layer directly to the electren 
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beam. At the spots of exposure the etchant removes the layer a few 
times faster than in the unexposed areas. 

As regards the problem of pattern alignment, the trend today is 
to solve the problem by means of self-alignment. The principle under- 
lying this trend comes to using the previously formed structural 
elements as masks for producing successive elements. Isoplanar tech- 
nology (see Fig. 7.10) and self-aligned gate MOS transistor techno- 
logy (see Figs 7.30 and 7.31) can serve as examples. 


6.8. Thin Film Deposition 


Thin films which lie at the root of thin-film hybrid technology also 
find wide use in the fabrication of semiconductor integrated cir- 
cuits. Thin-film deposition techniques thus relate to general aspects 
of microelectronic technology. 

Three basic methods are available to microelectronics for depo- 
sition of thin films on the substrate and one onto the other: thermal 
(vacuum) evaporation, ion-plasma sput- 
tering, and electrolytic (electrochemical) 
deposition. There are two variants of 
ion-plasma sputtering: cathode sputte- 
ring and ion-plasma sputtering pro- 
per. 


ams 
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6.8.1. Vacuum evaporation. Fig. 6.15 
7 illustrates a vacuum evaporator in 

schematic form. This is a vacuum 

chamber, essentially made asa metal 
: or glass jar 7 disposed on a bearing 
plate 2. An interlayer 3 placed bet- 
ween the jar and the plate secures the 
desired vacuum in the chamber after 
air evacuation. A substrate 4 onto 
which a film is to be deposited is fixed 
to a holder 5. A heating element 6 is placed next to the holder ,to 
heat up the substrate during film deposition. A heater 7 serves to heat 
the source of a substance to be vaporized. A rotatable slide & cuts 
‘off the stream of the evaporant from the heater to the substrate and 
‘thus discontinues the process whenever necessary. 

The heater is a filament or spiral from such a high-melting metal 
a8 tungsten or molybdenum, through which a rather heavy current 
is passed. The source of a substance to be evaporated can be in the 
form of clips hung on the filament, as a rod encircled by the spiral, 
as a powder poured into a crucible and caused to vaporize under spi- 
ral heat, and so on. In the last years, heating by an electron beam 
or laser beam has gained recognition. 
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Fig. 6.15. Vacuum evaporator 
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The operating conditions in the chamber favor the condensation 
of vapors on the substrate, though a certain amount of the evaporant 
condenses on the jar walls. Too low a temperature of the substrate 
prevents a uniform distribution of the atoms being adsorbed: they 
form “isles” of various thickness, often without being linked toge- 
ther. On the contrary, too high a temperature of the substrate causes 
the atoms that have just arrived to “re-evaporate” and leave the 
substrate. Therefore, in order that the film be of high quality, the 
substrate temperature must lie within certain optimum limits, gene- 
rally 200 to 400°C. The rate of film growth depends on many factors 
such as the heater temperature, substrate temperature, distance from 
the heater to the substrate, and the type of material being evaporated. 
The rate of deposition spans the range from tenths of a nanometer 
to tens of nanometers per second. 

The strength of bonding of a film to the substrate or to another 
film is called adhesion. Some popular materials, for example gold, 
show poor adhesion to typical substrate materials, including silicon. 
Where this is the case, it is good practice to evaporate onto the sub- 
strate an undercoat of adequate adhesive strength and then to deposit 
a basic layer which adheres well to the undercoat. For example, nickel 
or titanium provides a good undercoat for gold. 

To minimize the scattering of the evaporant atoms due to ‘colli- 
sions with residual gas atoms, the chamber should be evacuated to a 
sufficiently high vacuum. A criterion for the required vacuum can be 
a condition at which the mean free path of atoms is a few times as 
large as the distance between the heater and substrate. But:this con- 
dition alone does not often prove enough because any quantity of 
the residual gas is fraught with contamination of the film being grown 
and deterioration of its properties. At present, a vacuum below 10-® 
mm Hg is considered inadequate. Some modern high- -class evapora- 
tion systems operate at a vacuum of 107!" mm‘Hg.”' 

The discussed method is simple and gives exceptionally pure films 
in-a ‘high vacuum, which is its major advantage. Unfortunately it 
presents serious drawbacks too. The method does not allow for easy 
‘deposition of high-melting materials ‘and- makes it. difficult if not 
‘sometimes impossible to reproduce the chemical :composition of 
the ‘substance béing evaporated on the substrate. The latter difficulty 
comes from the fact that chemical: compounds dissociate at high 
temperature and their constituents condense separately on the sub- 
strate. Naturally, a probability exists that a-new combination of 
atoms on the substrate will not match the structure of the initial 
molecule. 


6.8.2. Cathode sputtering. A scheme of this technique is presented 
in Fig. 6.16. Most of the construction components here are the same 
as in Fig. 6.15, except that the heater is absent; a cathode 6 now-occu- 
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pies the position of the heater and performs its function. The cathode 
can be just the material being sputtered or a separate element 
brought in electric contact with the material. The substrate with 
its holder acts as an anode. 

The chamber is first evacuated to 10-°-10-§ mm Hg and then a 
valve 8 is made open to allow a certain amount of pure neutral gas, 
most commonly argon, to enter the chamber, thus bringing up a pres- 
sure to 10-!-10-? mm Hg. On applying a high voltage of 2 or 3 kV 
to the cathode (the anode being grounded for safety reasons), an ano- 
malous glow discharge appears in the anode-cathode space, which 
entails the formation of a quasineutral electron-ion plasma. 

What distinguishes an anomalous glow discharge is a strong elec- 
tric field that builds up in the space near the cathode. The field 
accelerates positive ions of the gas so that they bombard the cathode 
and knock out not only electrons needed to sustain the discharge but 
also neutral atoms. The cathede thus 
gradually disintegrates. In conmimon 
gas-discharge devices which build up 
7 a normal glow discharge, cathode de- 
struction is impermissible, but here 
4, the knockout of atoms from the ca- 
thode is a useful process analogous to 
evaporation. 

g Cathode sputtering offers an im- 
portant advantage over vacuum eva- 
poration in that the sputtering of the 
| 3 material used does not require high 
temperature. This process thus resol- 
ves the difficulty of depositing high- 
. melting materials and chemical co- 

Fig. 6.16. Cathode sputtering mpounds. 
chamber In this method, however, the ca- 
thode (the material to be sputter- 
ed) must exhibit high conductance since it serves as an element of 
the gas-discharge circuit. This requirement places a limit on the 
list of materials to be sputtered. In particular, it proves impossible 
to deposit dielectrics, including many oxides and other chemical 
compounds being in widespread use in the technology of semiconduc- 

tor devices. 

Reactive, or chemical, cathede sputtering remedies the situation 
to a considerable degree. The method relies on the use of active gases, 
added in small amounts to the basic inert gas, which are able to form 
the desired chemical compounds with the cathode material being 
sputtered. An addition of oxygen to argon, for example, permits 
growing an oxide film on the substrate. Mixing argon with nitrogen 
er carbon monoxide can give nitrides or carbides of respective me- 
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tals. Depending on the partial pressure of an active gas, the chemical 
reaction can take place either on the cathode to yield the ready com- 
pound deposited on the substrate, or on the substrate—anode. 

Cathode sputtering on the whole suffers from such disadvantages 
as relatively complex control, somewhat contaminated films and 
a lower deposition rate as compared with the vacuum evaporation 
process on account of a comparatively low vacuum built up in the 
chamber. 


6.8.3. Ion-plasma sputtering. A scheme of the sputtering technique 
appears in Fig. 6.17. What distinguishes this method from cathode 
sputtering is an independent, “guarding”, discharge in the gap between 
an electrode 9—a target with the deposited material to be sputtered— 
and a substrate 4. The discharge known as an are discharge takes 
place between electrodes 6 and 7. It 
features a special electron source (fila- 
ment cathode 6), low operating vol- 
tages (a few tens of volts), and a high 
density of the electron-ion plasma. As 
in the cathode sputtering arrangement, 
the chamber here is filled with a 
neutral gas, but kept at a lower pres- 
sure, 10-3-10-* mm Hg. 

The process of sputtering comes to 

the following. A negative potential 
of 2 or 3 kV is applied to the target 
with respect to the plasma (practical- 
ly relative to the grounded anode 7). 
This potential is enough to produce 
an anomalous glow discharge causing fig. 6.17. Ion-plasma_ sputter- 
an intensive bombardment of the tar- ing chamber 
get with positive ions of the plasma. 
As obvious, the process does not in principle differ from cathode sput- 
tering. The differencies lie mainly in the construction of chambers. 
The cathode sputtering arrangement is a two-electrode setup, and 
the ion-plasma arrangement is a three-electrode chamber. 

The process of sputtering begins with the application of voltage 
on the target and ends after deenergization of the chamber. A mecha- 
nical slide (see Fig. 6.15), if incorporated in the system of Fig. 6.17, 
enables us to achieve an additional, important end: if, prior to star- 
ting with the sputtering process, we close the slide and apply a potent- 
ial on the target, ionic cleaning of the target will take place (see 
Sec. 6.6). This cleaning helps improve the quality of the film being 
deposited. The substrate can be cleaned in a similar manner before 
film deposition by applying to it a negative potential. 

A positive charge stored on the target involves difficulty in sput- 
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tering dielectric films since this charge impedes further ionic bom- 
bardment. This difficulty is possible to resolve in what is called 
high-frequency ion-plasma sputtering. The approach comes to applying 
an ac voltage at about 15 MHz on the target along with the de negative 
voltage, the peak value of the ac voltage being slightly in excess of 
the de voltage. The resultant voltage thus proves negative for a grea- 
ter length of its period; the process of target sputtering runs as usual, 
and the target stores up a positive potential. For a smaller length 
of the period, however, the voltage is positive; then electrons coming 
from the plasma get to the target and cancel out the stored positive 
chargel. 

Reactive (chemical) ion-plasma sputtering offers the same possi- 
bilities of depositing oxides, nitrides, and other chemical compounds 
as reactive cathode sputtering described in the preceding subsection. 

In comparison with cathode sputtering, ion-plasma sputtering 
enables a higher deposition rate and shows more flexibility (ensures 
ionic cleaning, permits opening the working circuit without inter- 
rupting the discharge, and so on). Besides, a higher vacuum provided 
in the latter process gives films of a higher quality. 


6.8.4. Anodizing. This is one of the variants of reactive ion-plas- 
ma sputtering. The process involves oxidation of the surface of a 
metal film maintained at a positive potential with negative oxygen 
ions coming from the plasma of the gaseous discharge. As with purely 
reactive sputtering, the process requires the additions of oxygen to 
an inert gas. It is thus ions rather than neutral atoms that effect 
anodic oxidation. 

In general, reactive sputtering and anodizing proceed jointly since 
neutral atoms and oxygen ions coexist in the plasma if it contains 
oxygen. In order for the anodizing process to prevail over the purely 
chemical sputtering, the metal film on the substrate should face in 
the direction opposite to the cathode to exclude neutral atoms from 
falling onto the film. 

As the oxide layer grows, the current in the target-substrate circuit 
falls off since the oxide is a dielectric. To keep the current constant, 
it is necessary to raise the supply voltage. Because a certain amount 
of this voltage drops across the growing oxide film, the anodizing pro- 
cess takes place under the conditions at which a high strength of the 
field arises in the oxide film. The result is that later on, when in 
service, the film retains an increased electric strength. 

Other advantages of anodizing include a higher rate of oxidation, 
since the field in the oxide film speeds up the mutual motion of metal 
and oxygen atoms, and a possibility of control of the process by vary- 

1 With an ac voltage alone applied to the target, the charge of electrons 


will exceed the charge of ions accumulated during the positive half-cycle since 
electrons have a higher mobility; the target will then be at a negative potential. 
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ing the current in the anode circuit. As compared to other methods, 
the anodizing method offers a higher quality of oxide films. 


6.8.5. Electrolytic deposition. This method differs from the me- 
thods discussed above in that the working medium of the process is 
a liquid. But the character of the process resembles that of ion-plasma 
sputtering because both the plasma and electrolyte are quasineutral 
mixtures of ions with unionized molecules or atoms. And above all, 
the deposition here occurs gradually, layer by layer, as does sputter- 
ing, thereby enabling the growth of thin films. 

Electrolytic deposition originated much earlier than any of the 
methods discussed, back in the 19th century. It came to be popular 
tens of years ago in machine-building industry for electrodepositing 
(nickel plating, chrome plating, and so on) of various kinds of thin 
coating. In microelectronics, electrolytic deposition is not an alter- 
native of vacuum evaporation and ion-plasma sputtering; it comple- 
ments each and all go together. 

Electroplating depends on the electrolysis of a solution containing 
the ions of desired constituents. Thus the solution of blue vitriol 
gives a copper deposit, and the salt solution of gold or nickel provides 
the deposit of the respective metal. 

Metal ions in a solution have a positive charge, for which reason 
the substrate should make a cathode when depositing a metal film. 
If the substrate is a dielectric or a low-conductivity material, it is 
first necessary to deposit a thin undercoat on the substrate by vacuum 
evaporation or ion-plasma sputtering and thus produce a cathode. 

To effect electrochemical anodizing, the film of metal being oxi- 
dized should serve as an anode, and the electrolyte must contain oxy- 
gen ions. 

A great advantage of electrolytic deposition over sputtering is 
a much higher rate of plating, the added advantage being that the 
plating rate is easy to control by changing the current. The electro- 
lytic process is mainly used for despositing comparatively thick films, 
10 to 20 um and above. The quality (structure) of these films is 
inferior to sputtered films, but they prove quite acceptable for use in 
a number of applications. 


6.9. Metallization 


In semiconductor IC fabrication procedures, the process of metalli- 
zation serves to provide ohmic contacts to semiconductor layers and 
also the pattern of interconnections and termination areas (contact, 
or bonding, pads). 

The basic material used for metallization is aluminum. This metal 
has proved most suitable for the purpose because it features low re- 
sistivity (1.7 x 10-® Q cm), adheres well to silicon dioxide, welds 
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readily to aluminum and gold wires (jumpers) in producing external 
leads, has high resistance to corrosion, low cost, and other attractive 
features. 

In carrying out aluminum metallization, a uniform film of alu- 
minum about 1 ym thick is first deposited on the whole of the surface 
of an IC (Fig. 6.18). This film comes in contact with silicon through 
windows J, 2 and 3 made in the oxide layer by the preceding pho- 
tomasking operation, but the main portion of the aluminum film 
lies on the oxide surface. After coating the aluminum film with a pho- 
toresist, exposing it through an appropriate photomask, and sub- 
sequently developing the photoresist, we obtain a photoresist mask. 


Fig. 6.18. Illustrating the process of 
manufacture of interconnections using 
the photolitho technique 





Etching aluminum from the unprotected areas and then removing 
the photoresist gives the desired interconnection pattern with con- 
tact lands CL, shown in Fig. 6.18 as a hatched area adjacent to the 
contacts 7, 2, and 8. 

The width of connection strips in conventional ICs is 10 to 15 pm, 
while in LSI circuits the strips are 5 ym wide and even less. The li- 
near resistance of a strip 10 pm wide and 4 wm thick is about 2 Q/mm. 
The contact lands for connecting metallizations to lead-out wires 
commonly measure 100 X 100 pm. Direct bonding of strips to ex- 
ternal leads is impossible because the strips are very narrow. 

Of course, an interconneetion pattern should be free from cros- 
sings, or shortings. In ICs of a high scale of integration, however, 
it is impossible to design a connection layout so as to exclude cros- 
sovers, or underpasses. The common approach to solving the prob- 
lem is to use a multilayer, or multilevel interconnection pattern, that 
is, to produce an interconnection film in a few “storeys” or levels 
separated by insulating layers. The required connections between 
various levels are made through special windows provided in insu- 
lating layers (Fig. 6.19). Isolation of conducting layers is effected 
by depositing a dielectric after completing the successive level of 
metallization. The dielectric used here is commonly silicon mono- 
xide. The multilayer interconnection in modern LSI is made in two 
to four “storeys”. 
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The problem involved in preparing ohmic contacts using aluminum 
consists in the following. An aluminum film deposited directly on 
the surface of silicon produces a Schottky barrier (see Sec. 3.3). 
This barrier in the case of an n-silicon is not ohmic but rectifying. 
To exclude the formation of Schottky barriers, aluminum is fused 
into silicon at about 600°C, which is close to the temperature of an 
Al-Si eutectic. At such a temperature, a thin layer of aluminum-silicon 
alloy builds up at the boundary between the aluminum film and 
silicon; in this layer, practically all aluminum adjacent to silicon 
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Fig. 6.19. Multilayer connection 
pattern 





is found to be in the dissolved state. After its solidification, the com- 
pound represents an alloy of silicon with aluminum whose concen- 
tration comes close to 5 x 10!8 cm->. 

Because aluminum is an acceptor with respect to silicon, there is 
a danger of the formation of pn junctions in n layers. Indeed, if the 
donor concentration in the n layer is below 5 X 1018 cm-%, then the 
aluminum atoms will produce a p-type surface layer in the n-layer. 
To avoid this, the n layer region near the contact is doped additio- 
nally to convert it to an n* layer with a donor concentration of 
10°° cm-? and over (see Fig. 6.18). The aluminum concentration then 
proves insufficient to form the p layer, and so a pn junction does not 
appear. 

If an m layer such as the emitter region of a transistor is heavily 
doped from the very beginning, there is no need for its additional 
doping. No problems emerge if aluminum is in contact with p layers, 
because aluminum dissolved in these Jayers tends to form pt-type 
surface regions, which improves the quality of the ohmic contact. 


6.10. Assembling 


After completion of the basic technological stages, metallization 
included, the wafer incorporating hundreds of ICs is separated into 
individual dice, or chips. 

The operation involved in cutting the wafer into chips is called 
dicing, or scribing. The operator uses a diamond scribe to cut vertical 
and horizontal grooves in the gap between ICs (see Figs. 1.4 and 1.2). 
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He then puts the wafer on a soft rubber pad and gently breaks away 
the chips along the scratches in the same manner as the glazier does 
when he breaks up the sheet of glass along the scratch scribed by a 
diamond cutter. Sound chips are then mounted and encapsulated. 

The assembly of integrated circuits starts with the operation called 
mounting of the chip on a header, which is the bottom of an envelope. 
‘The chip is bonded or soldered with a low-melting solder to the header 
in its middle portion as shown in Fig. 6.20, which illustrates a simple 


Can 
Header 
Fig. 6.20. Mounting a chip on the header 


transistor. The contact lands on the chip are connected to the lead- 
out pins on the header with jumpers. These are fine aluminum or 
gold wires 20 to 30 pm thick, with one end of each wire bonded to 
the contact pad and the other to the end face of the pin. 

Reliable contact between metal parts (here, contact of jumpers 
with bonding pads and lead-out pins) can be made by a variety of 
methods, the most popular being thermocompression bonding. This 
method uses a sufficiently high pressure to press one metal part 
against the other in combination with a rather high temperature, 
200 to 300°C, to ensure mutual diffusion of atoms between the two 
parts and thus make a solid weld. 

There are many variants of thermocompression bonding as re- 
gards the design of bonders, though the principle is the same. Two 
typical adaptations of the principle are wedge bonding and nailhead 
bonding (Fig. 6.21). Fig. 6.21a shows a wedge bonder, which presses 
a wire against the metal surface so as to produce a firm stitch bond. 
Fig. 6.21b shows a nailhead (ball) bonder. This is a capillary tube 
with a wire threaded through its internal channel. As the wire is 
cut off with a microtorch, a globule (ball) is formed at its end (ball 
formation is typical of gold wires). When the capillary is again pres- 
sed to the bonding pad, the ball spreads over, producing a contact 
in the form of a nailhead, hence the name nailhead bonding. The capil- 
lary is now raised to pull out a length of wire enough to connect 
another part. The wire is again cut off with a fine flame and the ope- 
ration is repeated. Wire bonding is oarried out with a microscope 
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if it is the operator who does the job. Automatic machines are now 
available to perform the operation. 

. After mounting the chip on the header, the final stage follows that 
involves encapsulation, or packaging, to give the device the commer- 
cial appearance. The header is connected to the can (see Fig. 6.20) 





(a) 


rig. ve Thermocompression bonding using blunted wedge (a) and capillary 
tube (b 


by hot or cold welding, the latter technique being in essence similar 
to thermocompression bonding. The aim of encapsulation is also to 
protect the chip against the influences of the environment, and there- 





Fig. 6,22. Typical integrated-circuit packages 


fore this operation necessitates the sealing in a vacuum or in a pro- 
tective atmosphere such as nitrogen or argon. Subsection 6.4.2 des- 
cribes the techniques of mounting uncased (unpackaged) transistors 
on the substrate. 
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The main feature of assembly operations as applied to integrated 
circuits is the need for using multilead enclosures for ICs: small- 
scale ICs have 8 to 14 leads, and large-scale ICs up to 64 leads and 
more. Encapsulations for integrated circuits are rather diverse 
in shape and in other features. Along with round metal envelopes 
similar to the discrete transistor case shown in Fig. 6.20, in use are 
rectangular and flat plastic packs. Fig. 6.22 shows a plastic-encapsu- 
lated dual-in-line package, a cylindrical metal package, and a flat 
pack with pins running parallel or perpendicular to the enclosures. 
The choice of a package depends on the function of equipment and 
methods of its manufacture. 


6.11. Thin-Film Hybrid IC Technology 


According to the definition given in Sec. 1.2, the hybrid IC is a com- 
bination of passive film elements and discrete active elements. 
Thin-film HIC technology thus combines the thin-film passive net- 
work fabrication techniques and active component-attaehment tech- 
niques. 


6.11.1. Fabrication of passive elements. The techniques for fa- 
brication of thin-film hybrid circuit elements are the same as descri- 
bed in Sec. 6.8, namely, vacuum evaporation and cathode or ion- 
sputtering of the desired material for its selective deposition onto 
the dielectric substrate through windows in the mask. 

Thin-film hybrid technology had long used superposed metal masks 
made up of a thin bimetallic foil with openings, or windows. A layer 
of beryllium bronze 100 to 150 pm thick formed the base for an electro- 
lytically deposited nickel layer 10 to 20 pm thick. The latter served 
to define the pattern in the mask and the former played the part of a 
backing. 

Serious shortcomings of metal masks lie in the following. First, 
in deposition of films through a mask, the material being deposited 
also settles on the mask. This changes the thickness of the mask and 
gradually renders it unsuitable for further application. Second, 
metal masks are hardly fit for use in cathode or ion-plasma sputte- 
ring because the mask metal distorts the electric field and hence 
affects the rate of sputtering. In the last years the photolitho tech- 
nique—the technique derived from monolithic technology—has in 
principle ousted the metal mask practice. 

The steps of the photolithographic process here are the following. 
Uniform films of the desired materials are first deposited on the 
substrate to produce, for example, a resistive layer and a conductor 
layer on top of the resistive layer. The surface is now coated with 
a photoresist, and then a suitable photomask is used to define in the 
photoresist the desired pattern for the conductor layer, say, for con- 
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tact lands of a resistor (Fig. 6.23a). 
Next the conductor layer is et- 
ched through the windows in the 
photoresist and then the photo- 
resist is removed. The contact lands 
on the still uniform resistive layer 
are now ready (Fig. 6.23b). A new la- 
yer of photoresist is deposited and 
another photomask is employed to 
produce the pattern of resistor strips 
(Fig. 6.23c). Etching and photoresist 
removal then follow to form the des- 
ired shape of the resistor with con- 
tact lands (Fig. 6.23d). 

It is of course important that the 
etch that dissolves the conductor layer 
should be neutral to the resistive lay- 
er, and vice versa. There are also other 
limitations which we will not dwell 
upon here. Let us note in passing that 
the photomasking technique cannot 
give multilayer structures of the ca- 
pacitor type. But this limitation is 
of little consequence since HIC tech- 
nology has recently come to use es- 
sentially discrete capacitors as they 
effect economy in the substrate area. 

The materials for resistive films 
are most commonly chromium, nich- 
rome (80% Ni, 20% Cr), and cermet 
(50% Cr, 50% SiO) deposited in a va- 
cuum. Ohmic contacts to resistive 
strips are accomplished in a manner 
shown in Fig. 6.23. 

Capacitor plates are made from alu- 
minum. Since this metal does not ad- 
here firmly enough to the substrate, 
there is a need to grow first a Cr-Ti 
layer directly on the substrate to pro- 
vide an undercoat for the lower plate. 

As regards the requirements for per- 
mittivity e, loss tangent tan 6, break- 
down strength, and other parameters, 
the monoxides of silicon and germa- 
-nium are most suitable for use as 
dielectric layers of film capacitors. 
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Oxides Ta,O, and Al,O; hold a specific position among dielectrics. 
They are obtained by anodic oxidation of lower titanium or alumi- 
num plates rather than by deposition. 

The materials for conductive films and ohmic contacts are as a 
rule gold with a Cr-Ti undercoat or copper with a vanadium under- 
coat. Conductive films and contact pads are usually 0.5 to 1 um 
thick. Contact pads measure from 200 by 250 um and over. 

The thickness of films being grown is controlled by a number of 
methods. One of them, applicable only for resistive films, uses a 
monitor. This is an auxiliary layer of a given geometry located at 
the substrate periphery, deposited simultaneously with the main 
pattern, and fitted with two external leads for connection to an ohm- 
meter. When the resistance of the monitor reaches the value corres- 
ponding to the desired film thickness, the evaporation is terminated 
by shutting off the flow of evaporant with a rotatable slide.: 

In another control method, the monitor employed is a thin quartz 
plate connected via external leads to the resonant circuit of an oscil- 
lator. As known, a quartz plate displays the properties of an oscilla- 
tory circuit and has a resonant frequency that changes with the plate 
thickness in a unique manner. During evaporation the plate thickness 
grows, and so the oscillator frequency changes. Frequency variations 
are easy to measure and thus determine the right moment when it is 
necessary to terminate the deposition. 

The substrates of thin film hybrids must primarily have good insu- 
lating properties. Besides, it is desirable that they show a low die- 
lectric permittivity, high thermal conductivity, and sufficient me- 
chanical strength. The substrates must match closely the deposited 
films in the TC of thermal expansion. The typical parameters of sub- 
strates are the following: p = 10'* Qcem, e = 5 to 45, tand = 
= 2 x 1074 to 20 « 10-4, and TCL =5 X 10-® to 7 x 10°%. 

At present, glazed and ceramic substrates are most popular; glass 
has lost its former importance. Glazed ceramics are crystal modifi- 
cation of glasses (common glass is amorphous) and ceramics are 
mixtures of oxides in vitreous and crystalline phases, the main con- 
stituents being Al,O,; and SiQ,. 

The thickness of substrates averages 0.5 to 1 mm depending on the 
area. The area of thin-film substrates far surpasses the area of chips 
for semiconductor ICs. The standard dimensions of substrates range 
from 12 * 10mm to 48 X 30 mm. The requirements for surface finish 
are approximately the same as they are for silicon: the permissible 
roughness does not exceed 25 X 50 nm. 

Hybrid ICs, like semiconductor ICs, are generally fabricated by 
batch technology on a common glazed or any other substrate of a 
large area. After the passive circuitry and metallization are complete, 
the substrate is scribed in the same manner as a semiconductor IC 
slice to separate it into individual circuits. Active components are 
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then mounted and bonded to the circuit, and the complete hybrid 


is enclosed in a case. 


6.11.2. Component attachment. The discrete devices to be moun- 
ted on the passive circuitry are unpackaged diodes and _ transistors. 


A simple variant of the unpackag- 
ed transistor is a chip separated 
from the slice by scribing; the chip 
is provided with fine wire leads 
bonded to its three contact pads 
and protected from the environ- 
ment by a drop of epoxy that en- 
velopes the chip on all the sides. 
The transistor is attached to the 
substrate near the elements to which 
it has to be connected (see Fig. 1.5), 
and then its lead wires are bonded 
by thermocompression to the respec- 
tive contact lands on the substrate. 

There are two more types of un- 
packaged trausitor whose assembly 
technique differs from the described 
above. The first type is a ball- 
lead transistor (Fig. 6.24a). Balls 50 
to 100 pm in diameter from gold, 
copper, or Sn-Sb alloy are formed 
on the bonding pads of the tran- 
sistor and columns of the same ma- 
terial, 10 to 15 um in height and 
150 to 200 pm in-diameter, are then 


built up on’ the bonding pads ‘of: 
the substrate, (Fig. 6.24b). The balls: 


and columns must register exac- 
tly when brought into contact. 
The method of bonding the chip to 
the substrate is known as a flip-chip 
method: the chip is mounted, face 
down, on to the substrate so that 
the balls‘make contact with the sol- 
der columns (Fig. 6.24c). A pressure 
applied to the chip in combina- 
tion with elevated temperature, 
which is in essence thermocompres- 
sion, provides for reliable solde- 
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Fig. 6.24. Steps in mounting an 
uncased ball-lead transistor on the 


‘substrate 


(a) transistor with ball leads; (b) column 
on the substrate of film IC; (c) connecti- 
on of balls to contact columns; 1—bon- 
ding pads with leads on the substrate 


red joints. The flip-chip, or face-down, bonding is a multiple-joint 
(multiple attachment) technique: the single face-down operation 
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gives the three required connections. In comparison with wire bon- 
ding, the flip-chip approach reduces the number of connections by 
one half. Besides, the transistor, as a flip-chip, does not need a spe- 
cial area on the substrate. The main problem involved in this assem- 
bly technique is the difficulty of ensuring proper registration of balls 
and columns since the chip is face down and does not permit the 
operator to view the areas of contact. 

The beam-lead technology obviates the difficulty of alignment of 
contact areas. The method is applicable to the second type of unpa- 
ckaged transistor, known as a beam-lead transistor (Fig. 6.25a). 
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Fig. 6.25. Unpackaged beam-lead transistors 


(c) a aa transistor, (b) fabrication of beams and separation of transistors arranged on 
the slice 


Here the contact pads extend beyond the finished chip: they project 
100 to 150 4m beyond the chip edge and hang over it as beams hence 
the name beam leads. The thickness of beams is 10 to 15 ym, much 
greater than the thickness of metallizations on the chip. That is why 
beams are produced not by evaporation but by electrolytic deposition 
of gold with a titanium underlayer. The length of beams with pro- 
jections is 200 to 250 um, the width being the same as that of com- 
mon contact lands, 50 to 200 um. 

The beam-lead pattern fabrication procedure involves through- 
etching of silicon through the windows in the photoresist mask depo- 
sited onto the back of the slice (Fig. 6.25). Along with the fabrica- 
tion of a set of beam leads, through-etching enables separation of 
the slice into individual chips without resorting to the conventional 
scribe-and-break technique. Before starting the etching, the slice is 
glued, with its face upward, to a sheet of glass and then thinned by 
lapping off its back to reduce its thickness from 200-300 um to 50 pm. 
This operation cuts down the etching time and excludes lateral et- 
ching of the slice. After the slice is etched through along with the 
wax, the chips are readily separated from the glass. 

The active eomponents can be facedown-bonded to beam leads in 
the same way as flip-chip components. Alignment of beam leads to 
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contact pads on the substrate does not present difficulty since the 
beams extend far over the edges of the chip. Faceup bonding is also 
possible, but then the substrate must have a groove for the chip. 

Though the fabrication of ball and beam terminals requires more 
skill and money than that of wire leads, the former allows for much 
simpler and cheaper assembly operations, which generally account 
for the largest share of the finished product cost, and enable a no- 
ticeably increased yield of ICs and improved reliability. 


6.12. Thick-Film Hybrid IC Technology 


Passive elements of thick-film HICs are produced by selective depo- 
sition of semiliquid pastes—vitreous enamels—onto the substrate 
with the subsequent drying and firing to allow the paste to fuse into 
the substrate. The films acquire the desired thickness at once, but 
not gradually, layer by layer, as is the case with thin-film techno- 
logy. 
The basic steps involved in the fabrication of thick films are as 
follows: 

(a) deposition of a layer of paste onto the substrate through a 
detachable mask, known as a stencil screen, hence the name screen 
printing technique; 

(b) drying at 300 to 400°C for evaporation of the solvent and con- 
version of the paste from the semiliquid to the solid state; 

(c) firing of the solidified paste on to the substrate at 500 to 700°C 
depending on the paste composition. 

Firing is the most critical operation in the technological cycle 
and requires an accurate control of temperature to within +1°C. 

A major constituent of all the pastes is the glass frit—a finest glass 
powder—which serves as the base for resistive, conductive, or dielec- 
tric powders to form the pastes of the desired composition, depend- 
ing on the function they must perform. A disperse, quite homoge- 
neous mixture of the frit and an additive acquires a viscosity after 
introducing special organic substances and solvents into the mix- 
ture. At the stage of drying the solvent vaporizes, and the organic 
substances bond the powder particles, producing a homogeneous com- 
pact mass. 

Silver or gold commonly serves as an admixture for conductive 
pastes, silver and palladium taken in the proportion 4 to 1 for resi- 
stive pastes, and barium titanate of high permittivity for dielectric 
pastes. Selecting the constituents of the composition and the per- 
centage of each permits changing the electrical characteristics of 
films over a wide range (see Sec. 7.11). 

The masks for deposition of pastes onto the substrate are mesh 
screens (Fig. 6.26a). These are the fine woven mesh from capron or 
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stainless steel wire attached to the bottom of a screen frame’. The 
screen mesh size is about 100 um, and the diameter of filaments is 
about 50 pm. The mesh has its larger area coated with a film called 
a stencil; the windows define the desired pattern which is produced 
by etching the openings in the film using the photomasking techni- 
que. Because of the mesh nature of the screen, the pattern openings 
smaller than 100-200 pm are difficult to obtain. This places the limit 
on a minimum size of thick-film hybrid elements and on the line 
width. 

For transferring the desired pattern to a substrate, the frame 
carrying a stencil screen is filled with a paste and placed 0.5 to 1 mm 





Fig. 6.26. Selective deposition of paste into the substrate 


(a) stencil screen; 1—stencil; 2—window; 3—screen frame; (b) squeezing paste through the 
screen; 1—squeegee; 2—screen; 3—substrate; 4—paste 


above the substrate. A special knife, called a squeegee, is then lowe- 
red onto the screen to press the paste down into openings as its blade 
travels along the frame (Fig. 6.26b). Despite the fact that thesquee- 
zing approach seems simple, the operation itself calls for precision; 
the quality of the film being deposited and the repeatability of the 
parameters depend on the bevel angle of the blade and its inclination 
to the substrate, the squeegee speed and pressure and on other factors. 

Generally speaking, the mesh for a stencil screen is not an obli- 
gatory part: it is quite possible to squeeze the paste through mesh- 
free windows. But the quality of films obtained without the mesh is 
poorer. The reason is that the mesh ensures more homogeneous layers 
because of better merging of individual “droplets” while they pass 
through mesh openings. The thickness of deposited films depends on 
the diameter of threads and mesh size, and commonly ranges from 
20 to 40 pm. 

The substrates for thick-film HICs must generally meet the same 
requirements as those placed on thin-film hybrid circuit substrates. 


1 The former material used as a screen fabric was silk, for which reason 
the method of depositing pastes through woven silk screens was often referred 
to as silk-screen printing (silk screening). 
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The thermal conductivity of substrates often requires particular con- 
sideration since the thick-film variant of HICs is typical of relatively 
high-power circuits. The widespread materials for thick-film sub- 
strates are high-alumina ceramics (96% Al,0 5) and high-herillia 
ceramics (99.5% BeO); the latter have 7 to 10 times the thermal con- 
ductivity of the former, but are inferior to alumina ceramics in me- 
chanical properties. An important distinguishing property of sub-. 
strates for thick-film hybrid circuits is that they must have a suffi- 
ciently rough surface to provide the required adherence of the paste 
to the substrate. The degree of roughness is defined by surface une- 
vennesses of up to 1 or 2 um. 

The methods of attachment of active components to thick-film 
networks are the same as for thin-film hybrid circuits, but the di- 
mensions of contact lands are made larger, 400 by 400 um. 

On the whole, the thick-film hybrid approach is attractive for its 
simplicity and has the added advantage of low product cost. But in 
comparison to thin-film technology, the package density of thick- 
film hybrids is lower because of the larger width of lines, and the 
spread in parameters is greater because the thickness of films is diffi- 
cult to control. 


Chapter INTEGRATED ELEMENTS 


7 


7.1. General 


Let us recall that integrated elements are inseparable constituent parts 
of an integrated circuit, be it a semiconductor or hybrid IC; they 
cannot be specified separately and supplied as individual circuit 
components. One of the features of integrated circuit elements, which 
distinguishes them from analogous discrete devices consists in that 
they have conductive and capacitive coupling with the common sub- 
strate and, sometimes, with each other. For this reason mathematical 
and physical models (equivalent circuits) of integrated elements 
differ somewhat from the models of discrete analogs. 

A second important feature of integrated elements is that in com- 
parison with discrete devices the elements of ICs are made in a single 
manufacturing process. For example, all resistors of a film IC are 
produced at one time, and hence have the same thickness and resisti- 
vity. They can only differ in length and layer width. As regards a 
semiconductor integrated circuit, the working layer of a resistor is 
deposited at the same time as the base layer of a transistor, and so 
both layers have the same electrophysical parameters. In other words, 
there are a fewer “degrees of freedom” in the manufacture of integrated 
elements than is the case in the manufacture of discrete analogs. As a 
rule, it is possible to vary only the surface geometry of integrated 
elements, that is, to alter the length and width of elements rather 
than the depth of layers and their electrophysical parameters. As 
a result, the parameters of integrated elements are essentially correlated 
(interrelated) and their values are limited, which is not the case with 
discrete components. 

Along with the above features, it is worth noting that the pro- 
gress of microelectronics has led to the appearance of integrated ele- 
ments which have no analogs in discrete electronics. These are mul- 
tiemitter and multicollector transistors, Schottky-barrier transi- 
stors, and others. The traditional components such as diodes and 
capacitors have changed in design, and the range of their parameters 
have changed too. In semiconductor ICs there are no analogs of such 
traditional components as inductors, to say nothing of transformers. 

Integrated components, as noted in Ch. 1, are such constituent parts 
of hybrid microcircuits that can be specified separately and supplied 
as individual products. The components of a hybrid IC are add-on 
devices which differ from “common” discretes only in constructional 
form. Diode and transistor chips can serve as an example. 
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The main elements of bipolar semiconductor ICs are npn transi- 
stors. It is these devices that make a guideline in the development of 
new technological cycles: a major aim the technologist has to strive 
for here is to ensure the optimal parameters of these devices. The 
technology of all other elements such as pnp transistors, diodes, and 
resistors must “adapt itself”, as it were, to the technology of npn 
transistors. This “adaptation” means that the process of manufacture 
of other elements should avoid, where possible, additional operations; 
it is desirable that the same working layers such as collector, base, 
and emitter regions can be tailored to perform other functions. This 
explains the coinage of such phrases as “the base layer serves as a re- 
sistor” or “the working layer of a resistor results from base diffusion”. 

Until recently, the main elements of MOS circuits were induced 
p-channel MOS transistors. They determined the scope and outlines 
of the technological cycle, which in turn served as a guiding line 
for the technology of other elements. Last years have seen the appea- 
rance of high-quality n-channel MOS transistors after industry has 
managed to overcome certain manufacturing difficulties. These 
transistors tend to occupy a leading place in MOS transistor tech- 
nology. 


7.2. Isolation of Circuit Elements 


Figure 7.1 shows two npn transistors and a diode formed in the com- 
mon n-type silicon substrate. The collectors of both transistors and 
the cathode of the diode are seen to be electrically coupled together 
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substrate in the absence of isolation 


through the substrate. Such couplings are as a rule objectionable: 
they do not correspond to the desired circuit configuration. Hence, 
the elements of bipolar semiconductor ICs need to be isolated from one 
another in order that the necessary connections might be accomplished 
only by metallization. 

In MOS transistor ICs, the sources and drains of adjacent transi- 
stors are separated by reverse-biased pn junctions (Fig. 7.2). The 
conductive coupling between the adjacent elements results only from 
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a negligibly small leakage current of the reverse-biased junctions. 
This coupling can generally be neglected. As for the exchange of car- 
riers which form conducting channels, this can only take place at 
distances smaller than 5 to 10 um. Such small distances between ele- 
ments are not specific to modern integrated circuits, excepting char- 
ged-coupled devices (CCD) described in Sec. 10.9. 

So the elements of MOS circuits do not generally require isolation. 
MOS transistors can thus be located close to each other to increase 
the packing density and save space on the chip. This is one of the 
important advantages of MOS transistor integrated circuits over 
bipolar transistor ICs. 


7.2.1. Comparative estimation of isolation methods. All the known 
isolation methods can be divided into two main types: pn junction 
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Fig. 7.3. Basic isolation techniques for integrated elements 
(a) on junction isolation; (b) oxide isolation 





isolation (diode isolation) and oxide (or dielectric) isolation. Both types 
of isolation are illustrated in Fig. 7.3. 

A depletion layer of the pn junction has a very high resistivity close 
to that of some dielectrics, especially at a heavy reverse bias. That 
is why the two types of insulation specified above differ not so much 
in the resistivity of the insulating layer as in the structure of this 
layer. The pn junction insulation approach belongs to single-phase 
methods because the material (silicon) on both sides of and within 
the insulating layer is the same. The oxide insulation approach re- 
lates to two-phase methods because the material (phase) of the insu- 
lating region differs from the substrate material (silicon). 

From Fig. 7.3a it is obvious that the method of pn junction insu- 
lation comes to building up two reverse-biased diodes between the adja- 
cent elements. The approach is similar to that employed for isolation 
of MOS circuit elements (see Fig. 7.2). So that both insulating dio- 
des will be under reverse bias (regardless of potentials on the collec- 
tors), the substrate should be at a maximum negative potential ap- 
plied from the IC power source. The same approach also holds for 
n-MOS transistor ICs. 
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The pn junction isolation technique is well compatable to the 
general process of bipolar IC fabrication. The limitations of this 
technique are reverse currents in pn junctions and barrier capaci- 
tances. 

Dielectric isolation is essentially more perfect and efficient (Fig. 
7.3b). At room temperature, the leakage currents in a dielectric are 
3 to 5 orders of magnitude smaller than the reverse currents in pn 
junctions. As regards parasitic capacitance, dielectric isolation can- 
not obviously eliminate it completely too. But it is easy to reduce 
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Fig. 7.4. Possible pn junction isolation techniques 
(a) diffused-collector technique: J, is the dimension of window for collector diffusion; (b) 
triple or two-way diffusion technique: l;, is the dimension of window for isolation diffusion 


this capacitance below the barrier capacitance by choosing a mate- 
rial of low permittivity and increasing the dielectric thickness. 
In dielectric isolation, the parasitic capacitance is generally an order 
of magnitude smaller than in pn junction isolation. 

One more important advantage of dielectric isolation is the pos- 
sibility of selective doping with gold. In a single-phase system (using 
pn junction isolation), local doping is impossible: gold spreads over 
the entire slice because it has a high diffusion coefficient (see Fig. 6.8). 
In a two-phase system (using dielectric isolation), there is a possi- 
bility of diffusing gold into the islands where it is desirable to de- 
crease the carrier lifetime, leaving intact adjacent islands which do 
not require doping. This possibility stems from the fact that gold 
diffuses into silicon much faster than into dielectrics. 

Despite its advantages, dielectric isolation has not ousted pn 
junction isolation because it calls for a rather complex technological 
process involving additional operations intended to form a “foreign” 
dielectric layer. 


7.2.2. PN junction isolation. Various methods are available for 
growing isolation junctions. Thus purely planar technology for- 
merly used the methods of diffused-collector (Fig. 7.4a) and triple 
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diffusion, or two-way diffusion (Fig. 7.4b). Both of these methods 
suffer from serious disadvantages. 

In the structure of Fig. 7.4a, the collector n-type layer being grown 
at the stage of first diffusion is inhomogeneous: the impurity con- 
centration grows from the bottom toward the surface, so at the inter- 
face of the base region this concentration is rather high and hence the 
breakdown voltage of the collector junction is comparatively low. 
Besides, the diffused-collector process itself is rather complex. 

In the structure of Fig. 7.4b, the isolation of elements is accomplish- 
ed by total diffusion of an acceptor impurity through the back of 
the n-type slice and by local 
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techniques for planar-epitaxial ICs sistors to be formed. In distin- 

ction to the previous method, 
the triple diffusion method provides for a homogeneous collector 
region. A major disadvantage of this method is the necessity of car- 
rying out a very deep diffusion to grow a layer 100 to 150 pm in 
depth. The diffusion process takes 2 or 3 days and more, which makes 
the method uneconomical. Moreover, lateral diffusion (see Fig. 6.50) 
tends to extend the insulating p type layers on the slice surface; the 
length of the layers becomes equal to about the slice thickness, 
that is, exceeds the dimensions of ordinary transistors. The space 
utilization factor thus decreases substantially. 

A recent approach comes to dispensing with a monolithic n-type 
slice and using instead a thin n-type epitaxial layer grown on the 
p-type substrate (Fig. 7.5). The problem of isolation becomes sub- 
stantially simpler: the diffusion, called isolation diffusion, which 
enables the formation of collector islands is performed only through 
the upper surface of the slice to a depth equal to the epitaxial 
layer thickness, commonly not over 10 to 15 um. Thus the time of 
diffusion does not exceed 4 to 6 h, and the expansion of insulating 
p-type layers due to the sideways diffusion is merely fractions of 
that inherent in the two-way diffusion method (see Fig. 7.4b). The 
value of the chip space utilization factor is quite acceptable. 

The n-type islands left in the epitaxial layer after completion of 
isolating diffusion are used in the subsequent stages of the manu- 
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facturing process for obtaining the desired integrated elements, pri- 
marily transistors?. 

The simplest islands shown in Fig. 7.5 find limited uses. The tran- 
sistors formed in these islands (Fig. 7.6a) show a high series collector- 
resistance r.,, 100 2 and above. 
A decrease in the _ resisti- 
vity of the epitaxial layer 
does not remedy the situation 
since this reduces the break- 
down voltage of the collector 
junction and raises the colle- 
ctor capacitance. A more ra- 
tional and typical approach 
is to use a so-called buried nt 
layer located at the island 
bottom. The role of such a low- 
resistance layer is obvious from 
the structure shown in Fig. 
7.6b. 

Buried layers are diffused 
into the slice before growing 
the epitaxial layer. During fig. 7.6. Structure of an npn integra-. 
the epitaxial process the do- ted transistor 
nor atoms of the buried layer (a) without buried layer; (b) with n+ buried 
diffuse under high temperature '*%° 
into the growing n-type epi- 
taxial layer. The buried layer thus partially shifts into the epitaxial 
layer so that the well bottom becomes “raised” a few micrometers in 
this region. An excessive diffusion of donors from the buried layer: 
into the epi-layer can cause the buried n* layer to contact the base p- 
layer. To prevent this, a diffusion chosen for the buried layer should 
have a rather small diffusion coefficient. This can be antimony or: 
arsenic. 

The buried n* layer not only decreases the series collector resi- 
stance, which is its primary function, but also offers some other ad- 
vantages. Thus it raises the inverse gain of a transistor and dimini- 
shes the excess charge in the collector region that builds up in the 
double injection mode. 

The epitaxial-diffusion method is at present the simplest and wide- 
spread variant of the pn junction isolation technique. In use are 
also more complex variants of this technique, one of which is col- 
lector diffusion isolation (CDI) illustrated in Fig. 7.7. 





1 The n+ layer grown at the same time as the emitter n* layer and located. 
under the collector electrode prevents the formation of a parasitic pn junction 
when firing aluminum into the n layer (see p. 204). 
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In the CDI, the epitaxial layer, 2 or 3 wm thick, is of the p-type 
conductivity. The buried n* layers are grown beforehand. The iso- 
lation diffusion process employs a donor impurity (phosphor); the 
diffusion depth is equal to the distance from the surface to the buried 
layer. The diffused regions divide the layer on the slice into p-type 
islands for base layers to be formed, while the n* layer together with 
isolating n* diffusions forms the collector region. The isolating dif- 
fusions here perform a useful function and thus do not affect the space 
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Fig. 7.7. Collector diffusion isolation technique 


utilization factor. With the CDI variant employed, this factor is 
much higher than when using the main variant of the isolation tech- 
nique (see Fig. 7.5). Because of the high impurity concentration in 
n* layers, however, the CDI method offers lower breakdown voltages 
for the collector junction and gives higher values of collector capa- 
citance. Besides, the method calls for an additional diffusion of an 
acceptor impurity into p-type islands to render the base inhomogene- 
ous and thus produce in it an internal accelerating field. 


7.2.3. Dielectric isolation. Historically, the first method of iso- 
lation by a dielectric was an EPIC (epitaxial passivated IC) process. 
The steps of this process are shown in Fig. 7.8. The original slice of 
n-type silicon is coated with an n*-type epitaxial layer, 2 or 3 pm 
thick (Fig. 7.8a). Next, grooves 10 to 15 ym deep are etched in the 
slice through a mask, and then the whole of the surface is oxidized 
(Fig. 7.8b). Let us note that both isotropic and anisotropic etching 
can be used here (see Sec. 6.6), the latter being considered in Subsec. 
7.2.4. The oxidation being over, a layer of polycrystalline silicon, 
200 to 300 um thick, is deposited on the surface. Further, the slice 
is inverted and lapped off as far as the bottom of the channels to 
form isolated n-type islands with a buried n*-type layer in polysi- 
licon (Fig, 7.8d). The SiO, layer now isolates the circuit elements 
(compare with Fig. 7.3b). The main difficulty encountered in the 
EPIC process is the precision lapping of the single crystal slice. 
With a thickness of the layer to be removed averaging 200 to 300 um, 
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the error of lapping over the entire surface must be within 4 or 2 um. 

If at the second stage of the process (see Fig. 7.8c) a dielectric 
(ceramic) layer is deposited instead of a poly-SI layer, the ceramic 
type of isolation results. This variant offers a better resistive and 


capacitive decoupling of elements, SUPP OOUUTEUCETPUUETEAOUTPOIPOEE: 
but is more complex and expen- nt 
sive. n-Si 


In widespread use now is the te- 
chnique known as SOS (silicon-on- 
sapphire). The basic steps of the 
process are shown in Fig. 7.9. Sapph- 
ire has basically the same structure 
of its crystal lattice as silicon. 
This makes it possible to grow an 
epitaxial layer of silicon (Fig. 7.9a) 
on the sapphire slice and then etch 
through this layer as far as sapphire 
to form silicon islands for sub- 
sequent realization of integrated 
elements (Fig. 7.9b). The dielect- 
ric sapphire isolates the islands on 
the underside and the air does so on 
the sides. That is why the SOSIC 
isolation technique is often pla- 
ced into the class of air isolation. 
A serious drawback of this techni- 
que is the irregular surface which 
causes difficulties in depositing = 
the metal interconnection pattern. (a) 

Fig. 7.8. Oxide isolation technique 

7.2.4. Combined methods of iso- (EPIC process) ; : 
lation. A recent isolation techni- ( orerre etre MO biy Sta cose 
que that enjoys widespread use is  fion; (d)_ finished Beiaperts showing 
the isoplanar process. The  prin- 
ciple of the process lies in local through-oxidation of an epitaxially 
grown n-type silicon layer 2 or 3 pm thick (Fig. 7.10). The locally 
oxidized regions divide the epitaxial layer into n-type islands. The 
result is similar to that obtained in the isolation diffusion of Fig. 7.5. 
But here the isolating side walls of islands are dielectric (oxide) 
rather than semiconductor layers. The island bottoms, however, are 
isolated by the reverse-biased pn junctions. This feature explains 
why the isoplanar process belongs to the combined methods. 

Each island is in turn divided by the oxide into two parts 7 and 2 
as shown in Fig. 7.10a. In the main part J the base and emitter re- 
gions of a transistor are formed, and in the second part 2 an ohmic 
contact of the collector is produced (Fig. 7.10b). Both parts are linked 
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together via the buried n* layer. This layout does away with all 
the four side (vertical) walls of the collector junction, thereby redu- 
cing the collector capacitance. 

Local oxidation of the epitaxial layer cannot be achieved through 
an oxide mask. This is because the mask will change its geometry 
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Fig. 7.9. Silicon-on-sapphire technique 
(a) original structure; (b) islands grown 


during through-oxidation of the epitaxial layer. For this reason the 
isoplanar process uses silicon nitride masks. 

As compared with the classical method of isolation diffusion, the 
isoplanar method affords a greater packing density of elements (more 
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Fig. 7.10. Isoplanar technique 
(a) structure prior to base diffusion; (b) finished transistor structure 


efficient use of the chip area) and also ensures better frequency and 
transient response of a transistor. 

A V-groqve isolation method is illustrated in Fig. 7.14. Instead of 
through-oxidation of the epitaxial layer, this method uses aniso- 
tropic etching tc etch through the layer (see Sec. 6.6). The crystal 
surface must have the (100) orientation to ensure etching along the 
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(141) planes as shown in Fig. 6.10b. The windows in the mask are 
so dimensioned that the (111) faces “converge” just a little below 
the boundary of the epitaxial layer and form V-shaped grooves (hence 
the name of the method). The relation between the width and depth 
of the groove is strictly definite: J/d = /2. At a depth of 4 or 5 um, 
the groove width will be merely 6 or 7 pm, so the loss in area for the 
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Fig. 7.44. V-groove isolation techni- 
que 


isolation is rather insignificant. A limitation of the method is the 
necessity of using the (100) plane which shows an increased density 
of surface defects (see Fig. 2.5). 

After its etching, the surface is oxidized as is done in the EPIC 
process. But in distinction to the EPIC process, here the subsequent 
growth of the polysilicon layer is only aimed at leveling off the sur- 
face to facilitate metallization. For this, it is enough to fill up the 
grooves only. 


7.3. NPN Transistors 


Since npn transistors are the basic elements of bipolar ICs, we shall 
discuss them in greater detail along with the manufacturing tech- 
niques. We assume that the manufacturing process essentially em- 
ploys isolation diffusion. Some features of other isolation techniques 
will be mentioned where necessary. 


7.3.1. Impurity distribution. Fig. 7.12 shows the distribution of 
impurities in the layers of an integrated transistor with a buried 
n* layer (see Fig. 7.6). It should be pointed out that the distribution 
of the effective concentration of acceptors in the base layer is nonmo- 
notonic, and hence the hole distribution is nonmonotonic too. On the 
right of the maximum the hole concentration gradient is negative, 
and the built-in field is accelerating with respect to injected elec- 
trons (see p. 75). This is an inherent feature of all drift transistors. 
But on the left of the maximum the concentration gradient is posi- 
tive, and hence the field is retarding. A region with the retarding field 
causes a certain increase in the resultant transit time of carriers that 
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Fig. 7.12. Distribution of impurity concentration in the structure of an npn 
transistor and distribution of effective concentrations 
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Fig. 7.13. Plan geometry of transistors 
(a) asymmetric; (b) symmetric 


7.3. NPN Transistors 223 


cross the base. But calculations show that this increase is in the order 
of merely 20 to 30% and thus can be disregarded in approximate esti- 
mates. 


7.3.2. Geometry and performance parameters. The plan geometry 
(topology) of integrated transistors can be of a few variants. Two 
of them are illustrated in Fig. 7.13. 

The first variant of topology (Fig. 7.43a) is called asymmetric: 
the collector current flows to the emitter only in one direction, from 
the right as shown in the figure. The second variant (Fig. 7.43b) 
is called symmetric: the collector current flows to the emitter from 
three sides. Here the series collector resistance r,, is thus only one- 
third that for the asymmetric layout. 

Another feature of the second transistor geometry is that the con- 
tact window and the collector metallization are divided into two por- 
tions. Such a design makes it easier to fabricate the interconnection 
pattern: the aluminum stripe, for example, the emitter finger shown 
in Fig. 7.13b, can lie above the collector on the protective oxide cover- 
ing the surface of an IC (for more detail, see Subsec. 7.9.1). 

Figure 7.13a gives the typical dimensions of npn transistor layers; 
Table 7.4 presents the typical parameters of these layers; and Tab- 
le 7.2 shows the typical parameters of transistors. 














Table 7.1 
Typical Parameters of Integrated npn Transistor Layers 
Layer N, cm-3 d, pm p,2em | Rez, 2/square 
Substrate of p type 1.510% 300 10 _ 
Buried n* layer _ 5-10 — 8-20 
Collector n layer 1016 10-45 0.5 500 
Base p layer 5x 1018 3.0 _— 200 
Emitter n+ layer 1021 2 _— 5-15 


Note: N is the impurity concentration (surface concentration for diffused base and 
emitter layers), dis the layer depth, p is the material resistivity, and R, is 
the sheet resistance. 


The quantity R, given in Table 7.4 is called a sheet resistance. 
The origin of this parameter is the following. Let us have a rectan- 
gular stripe of a material of length a, width b, and thickness d. 
If the current flows along the stripe, that is, parallel to its surface, 
the stripe resistance may be written in the form 


R = 9 (a/bd) = R, (a/b) (7.4) 


“224 Ch. 7. Integrated Elements 


Table 7.2 
Typical Parameters of Integrated npn Transistors 





Parameter | Rating 


Tolerance, 6 % 
Current gain B 100-200 +30 
Cutoff frequency fr, MHz 200-500 +20 
‘Collector capacitance C,, pF 0.3-0.5 +10 
Breakdown voltage V,p, V 40-50 +30 
‘Breakdown voltage Vep, V 7-8 +5 


where R, = p/d. If the layer is inhomogeneous over its thickness 
‘(a diffused layer, for example), the quantity R, will be written in 


‘the general form 
d 


R,= [J o (2) dx | 
0 


‘where o (x) = 1/p (x) is the material conductivity in the plane loca- 
ted at a distance x from the surface. 

If a = b, the rectangular stripe takes the shape of a square, and 
its resistance becomes equal to R,. Hence, the quantity R, can be 
-defined as a lateral resistance of a layer or film in the shape of a square. 
To stress the latter reservation, the actual dimension “Ohm” is re- 
placed by “Ohm/Q)”, or Ohm/square. Knowing the quantity R,, 
it is easy to calculate the resistance of a layer or film rectangular 
in shape from the given values of a and b. 

Table 7.2 shows that the breakdown voltage of an emitter junction 
‘is one-fifth to one-seventh that of the collector junction. This fea- 
‘ture, which is specific to all drift transistors, stems from the fact 
that the layers forming the emitter are of a lower resistance than the 
-collector layers. With the transistor connected in a common emitter 
‘circuit, the breakdown voltage of the collector junction decreases 
according to Eq. (4.27). If the base is rather thin (w< 1 pm), a 
-breakdown is generally caused by the punch-through effect, and the 
breakdown voltage is described by Eq. (4.28). 


7.3.3. Parasitic parameters. Fig. 7.14a shows the simplified struc- 
‘ture of an integrated npn transistor produced by the method of iso- 
lation diffusion. The integrated transistor structure consists of four 
ilayers, including the substrate: along with the working emitter and 
-collector junctions, the transistor has a third (parasitic) junction bet- 
‘ween the collector nm layer and the p-type substrate. The buried nt 
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layer (not shown in Fig. 7.14a) does not make principal changes in 
the structure. 

Since IC p-type substrate is always connected to the most negative 
potential, the voltage acress the “collector-substrate” junction is 
always reverse or, in the worst case, close to zero. It is thus safe to 
replace this junction by the barrier capacitance C, ,,, shown in 
Fig. 7.444. 

The capacitance C, ,,, and the series collector resistance r,, form 
an RC circuit connected to the active area of the collector. The equi- 


valent circuit of the integrated npn transistor now appears as shown 
in Fig. 7.140. 
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Fig. 7.14. The npn transistor 


(a) simplified structure showing parasitic pnp transistor; (b) simplified circuit model; (c) 
comptete circuit model 


The rs-Cc sup circuit that shunts the collector is the main feature of 
an integrated npn transistor. This circuit naturally decreases the 
speed of response of the transistor and limits its cutoff frequency 
and switching time. 

Since the substrate is at a constant potential, we can consi- 
der it to be grounded for ac components. So, inserting the r,.C, sup 
circuit into the small-signal common-base circuit model (see Fig. 
4.16) and disregarding the resistance r,, we arrive at the conclu- 
sion: the capacitance C,,,, adds to capacitance C, and the resi- 
stance r,, to the external resistance R, (see p. 149). The equivalent 
time constant of (4.66) will then be written as 


Taoe = ta t+(C, +C, sub)(Tset+ Re) (7.2) 


From (7.2) it is clear that the parasitic parameters C,,,, and 
rs, set a limit on the speed of response of an integrated transis- 
tor under the ideal conditions at which t, =0, C,=0, and R,=0. 

In this case the equivalent time constant t,,, is equal to the 
substrate time constant: 


Tsun = C. subl'sc (7.3) 
15—0128 


226 Ch. 7. Integrated Elements 


Thus if C. 54) = 2 pF and r,, = 100 Q, then 1,,, = 0.2 ns and 
the respective cutoff frequency fs,, = 1/2 ntsy, ~ 800 MHz. If 
we consider the parameters t, and C,, and also include the external 
resistance R,., the equivalent time constant will be greater and 
the cutoff frequency smaller. 

The resistance r,, taken equal to 100 @ in the last example is 
a typical value for transistors without the buried n* layer. With 
the buried layer being present, the typical value of r,, is 10 Q. 
In this case the time constant t;,, decreases by a factor of ten and 
the effect of the substrate becomes of little significance. 

The relation between C, ,,, and C, primarily depends on the 
relation between the areas of respective junctions and the impurity 
concentration in the substrate and collector layers. Commonly, 
Ce sub = 20r 8 Cy. 

In calculating the capacitance C, ,,,, one should take into account 
not only the bottom portion of the collector-substrate junction but 
also its side (vertical) portions (see Fig. 7.14a). The per-unit area 
capacitance of side portions is larger than that of the bottom because 
the acceptor concentration in isolating layers grows from the bottom 
of the junction to the surface (in Fig. 7.14a, the density of hatching 
reflects the variations in acceptor concentration). The typical value 
of per-unit area capacitance for the bottom is Cy, = 100 pF/mm?, 
and for the side portions Cy,,, = 150 to 250 pF/mm’. All the three 
components of the capacitance C, ,,, are commonly almost equal 
and lie in the range from 0.5 to 1.5 pF. 

The passive base area combined with the underlying collector 
and substrate areas can be represented by a parasitic pnp transistor. 
In Fig. 7.14a, the structure of such a transistor is surrounded by 
a dash line, and the equivalent circuit characterizing the interection 
between the working npn transistor and the parasitic pnp transitor 
is shown in Fig. 7.414c. 

If the mpn transistor operates in the normal active region (V., > 0), 
the parasitic transistor stays cut off (V., <0, see plus and minus 
signs unbracketed). In this mode of operation, the collector junction 
of the parasitic transistor is represented by the capacitance C, sy» 
(see Fig. 7.14b). If the npn transistor passes to the inverse region 
or the region of double injection (V.,< 0), then the parasitic 
pnp transistor enters the active region (V., > 0, see the signs in 
brackets). The current J,,, = @pnp/, then flows into the substrate, 
where J, is a component of base current (see Fig. 7.14c). 

The leakage of base current to the substrate impairs the parameters 
of the transistor operating in the double injection mode (see Sec. 8.2). 
For this reason transistors intended for work in this mode are spec- 
ially doped with gold. The atoms of gold diffused into silicon play 
the role of traps; they decrease the lifetime of carriers.The value 
of @pap then drops below 0.1, and J,,, becomes negligible. 
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The technique of dielectric isolation eliminates the parasitic 
pnp transistor, but the capacitance C, ,,, remains the same. As 
noted earlier this isolation technique ensures a smaller value of 
C. sup than pn junction isolation. If SiO, acts as a dielectric, the 
per-unit area capacitance is about 35 pF/mm? at a thickness of 1 pm. 


7.3.4. Typical fabrication procedure. Industry supplies the de- 
sign engineer with polished and chemically treated wafers ready 
for use in the manufacturing process. We thus have a p-type silicon 
wafer whose polished surface is coated with a thin, natural layer of 
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Fig. 7.15. Manufacturing steps of an ote 
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(a) buried layers diffused; (b) base layers 
grown in epi-layers; (c) emitter layers and 
layers for ohmic collector contacts grown; 
(d) aluminum film formed; (e) interconnec- 
tion pattern produced (e) 





oxide. Using the batch processing technique, we have to fabricate 
in this wafer transistors of the structure shown in Fig. 7.60. 

The sequence of steps will be as follows'. 

4. Total oxidation of the wafer. 

2. First photomasking operation to define windows in the oxide 
for the diffusion of buried n* layers. 

3. First diffusion to grow buried n* layers, as shown in Fig. 7.15a, 
using the diffusant arsenic or antimony. 

4. Etching of the oxide from the entire surface. 


_ 1} The sequence of stages given here does not include numerous operations 
involved in cleaning and rinsing of the wafer and in deposition and removal 
of the photoresist. 


15* 
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D.. Growing of an n epitaxial layer, in which process the buried 
n* layer diffuses a little both into the substrate and into the epi- 
layer (see p. 217). 

6. Total oxidation. 

7. Second photomasking operation to open windows in the oxide 
for isolation diffusions. 

8. Second diffusion to provide isolating p layers and isolated n 
islands in the epi-layer (see Fig. 7.5), using the diffusant boron. 

9. Third photomasking operation to open windows in the oxide 
for base diffusion. 

40. Third diffusion to grow base p layers (Fig. 7.15b), using the 
diffusant boron. The diffusion involves two stages, predeposition 
and drive-in (see p. 184). 

41. Fourth photomasking operation to open windows in the oxide 
for emitter diffusion and ohmic contacts of the collectors. 

42. Fourth diffusion to grow nt layers (Fig. 7.15c), using the 
diffusant phosphorus. The diffusion here is sometimes of the two- 
stage type too. 

13. Fifth photomasking operation to define windows in the oxide 
for ohmic contacts. . 

414. Total deposition of aluminum film onto the wafer (Fig. 7.15d). 

15. Sixth photomasking operation to open windows in the pho- 
toresist for the interconnection pattern. 

16. Etching of the aluminum film through the photoresist mask 
and removal of the remaining photoresist (Fig. 7.15e). 

17. Thermal treatment for firing of aluminum into silicon. 

We omit here the assembly operations discussed earlier in Sec. 6.40. 
Let us make a few remarks on the fabrication procedure outlined 
above. Industry has recently begun to supply wafers with prelimin- 
arily grown epitaxial and buried n* layers. The first five operations 
in the procedure thus become superfluous. 

We have noted in 10 that the boron diffusion for growing base 
layers includes two stages. This might appear to complicate the 
manufacturing process. But the approach is justifiable and conven- 
tional. 

Indeed, in order that the injection efficiency of the emitter junction 
should be not below 0.999, the impurity concentration in the emitter 
layer must exceed not less than 100 times the concentration in the 
base layer [see Eqs. (4.22)]. Meanwhile, boron and phosphorus 
differ merely threefold in solid solubility at optimum temperatures 
(see Table 6.1). To overcome this contradiction, we must lower the 
surface concentration of boron. This can be done by one of the few 
methods. , 

We can diffuse boron at such a low temperature that its solubility 
can be a hundredth that of phosphorus. But then the diffusion coef- 
ficient will decrease by a few orders of magnitude, and so the dif- 
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fusion will take a few days or even a few weeks. We can also reduce 
the temperature in the diffusant source zone and thus create a “dif- 
fusant defficiency” near the wafer surface. But this process is dif- 
ficult to control. So the two stage diffusion proves an optimum solu- 
tion: during the impurity redistribution stage (the drive-in stage) 
the surface concentration is easy to decrease by a few orders of mag- 
nitude (see Fig. 6.7b). 

The temperature of impurity redistribution is kept 150 to 200°C 
above the predeposition temperature in order to raise the impurity 
diffusion coefficient and cut down the time required for the process. 
The predeposition stage generally takes 20 to 40 min at 1 000 to 
1 050°C, and the drive-in stage lasts a few hours at about 1 200°C. 

Phosphorus introduction at the stage of emitter diffusion (see 12) 
is the last high-temperature operation in the fabrication procedure; 
the temperature is held 100 to 150°C below the temperature of boron 
distribution in order to keep the collector pn junction depth invar- 
iable. The diffusion time determines the n* layer thickness, and 
hence the transistor base width. In modern planar transistors, the 
typical base width is 0.5 to 0.7 um. 

Let us note in conclusion that as a result of repeated operations 
of photomasking, oxidation, and diffusion the surface of the oxide 
film before metallization becomes rather irregular. This often causes 
difficulty in ensuring good adhesion of aluminium to the oxide 
surface. In figures illustrating the structure (cross section) of tran- 
sistors or ICs, the relief of the oxide film is not shown for simplicity. 


7.4. Varieties of MPN Transistors 


The progress of microelectronics has brought about the evolution 
of some varieties of npn transistors. There are no analogs of these 
transistors in discrete transistor engineering. Consider the most 
important of these varieties. 


7.4.1. Multiemitter transistor. The structure of a multiemitter 
transistor (MET) appears in Fig. 7.16a. These transistors form the 
basis of a rather widespread class of digital integrated circuits called 
transistor-transistor logic (TTL) circuits, which will be described 
later in Subsec. 10.2.5. This type of transistor can have 5 to 8 emit- 
ters and even more. 

To a first approximation, the multiemitter transistor can be regar- 
ded as a combination of individual transistors with interconnected 
bases and collectors (Fig. 7.16b). The features of the multiemitter 
transistor as a single structure are as follows (Fig. 7.16c). 

First, each pair of adjacent emitters together with the base p 
layer that isolates these emitters forms a lateral n*pn* transistor. 
Let one of the emitters be forward biased and the adjacent one reverse 
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biased. The first will then inject electrons and the second collect 
those injected electrons which have passed through the side surface 
of the first and reached the second without recombination. Such 
a transistor effect is parasitic for the multiemitter transistor: a cur- 
rent will flow through the reverse-biased junction, which must 
be in the off condition. To avoid the lateral transistor effect, the 
distance between the emitters must generally exceed the diffusion 
length of carriers in the base layer. If the transistor is doped with 
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Fig. 7.16. Multiemitter transistor 
(a) layout and structure; (b) symbols; (c) interaction between adjacent emitters 


gold (see p. 226), the diffusion length does not exceed 2 or 3 pm, 
and so a distance of 10 to 15 um proves practically acceptable. 

Second, it is important that the multiemitter transistor should 
have as small an inverse current gain as possible. Otherwise, with 
the emitters reverse biased and the collector forward biased, a signi- 
ficant amount of the carriers injected by the collector will reach 
the emitters. A current that will flow in the emitter circuits can 
produce a parasitic effect similar to that described above. 

As known, the inverse current gain is always smaller than the 
normal one because of the difference in the doping levels and in 
the areas of the emitter and collector (see p. 130). To decrease the 
inverse factor a, of the multiemitter transistor still more, the resist- 
ance of the, passive base is intentionally increased by placing the 
ohmic base contact further away from the active area of the base 
(see Fig. 7.16a). With such a transistor geometry, the resistance 
of the narrow “neck” between the active area and base contact can 
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reach 200 to 300 Q and the voltage drop across this neck resulting 
from the base current flow can be 0.1 to 0.15 V. So the forward vol- 
tage on the collector junction (operating in the inverse region) 
will be 0.4 to 0.145 V smaller in the active area than that near the 
base contact. Correspondingly, the injection of electrons from the 
collector into the active base area becomes insignificant and the 
parasitic emitter currents disappear. 


7.4.2. Multicollector npn transistors. The sturucture of a multi- 
collector transistor (MCT) shown in Fig. 7.17a does not differ from 
the structure of a multiemitter transistor. The difference lies in the 
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Fig. 7.17. Multicollector transistor 
(a) structure; (b) equivalent circuits; (c) trajectories of injected carriers 


method of using the structure. It is safe to say that the MCT is 
the MET operated in the inverse region: the epitaxial n layer serves 
as a common emitter, and heavily doped small-area n+ layers act 
as collectors. Such a layout forms the basis of one of the most popular 
classes of digital integrated circuits called integrated injection logic 
(I°L) circuits discussed in Sec. 10.34. The equivalent circuit of 
a multicollector transistor is given in Fig. 7.17. 

The main problem involved in the development of a multi-collector 
transistor is to increase its normal current gain from the common n 
emitter to each of the n* collectors. Naturally, this problem is 
the reverse of that which related to the multiemitter transistor, 
where we attempted to reduce the current gain from the n layer 
to the n* layers. 

For this type of transistor, it is desirable that the buried n* layer 
can lie as close to the base as possible, or simply be in contact with 
the base, which is the case when using CDI isolation technique. 
The heavily doped n* layer acting as an emitter will then secure 
a high injection efficiency. As regards the increase of the transport 


1 Multicollector transistors employed in I?L circuits have the same basic 
properties as the transistors considered below and only differ in the method 
of power supply. 
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factor, the z+ collectors should be spaced at the smallest distance pos- 
sible to reduce the area of the passive base region. Both these approa- 
ches certainly have limitations due to design and manufacturing 
factors. Nevertheless, even if the space between the collectors is 
comparatively large,there is a possibility for ensuring a of 0.8 
or 0.9 or B of 4 to 10, both being related to the entire set of collect- 
ors. This is sufficient for proper functioning of I*L circuits if the 
transistor has not more than 3 to 5 collectors. The current gain per 
collector is equal to the total gain divided by the number of col- 
lectors. Thus for the given values of total current gain B, the gain 
per collector is in excess of unity, which is enough for I?L functioning. 

Figure 7.17c shows the trajectories of injected carriers in the 
base. As seen, the fraction of carriers getting onto the collectors 
is significantly larger than would be found if we calculate this share 
from the formal collector-to-emitter area ratio. This explains why 
the real current gain B has comparatively high values, as given above. 
In calculating the gains a and B, therefore, one should use the effect- 
ive rather than the geometric areas. We have mentioned this fact 
on p. 130 in discussing a transistor operated in the inverse mode. 

From Fig. 7.17c it is also seen that the mean carrier trajectory 
length noticeably exceeds the active base thickness w. That is why 
the mean diffusion time will be substantially smaller than for mul- 
tiemitter and individual transistors having the same value of w 
[see Eq. (4.45)]. The difference in transit time is still greater because 
the multicollector transistor has a retarding rather than an accelerating 
base field for injected carriers. The transit time ¢,, is not less than 
5 to 10 ns, and the respective cutoff frequency f; does not exceed 
20 to 50 MHz (compare with the parameters in Table 7.2). 

On the other hand, the collector capacitance C, in multi-collector 
transistors is noticeably lower than that in multiemitter and con- 
ventional transistors because of the small area of an nt collector. 
Therefore, the terms C,R, and C*R, in Eqs. (4.66) and (4.67) can 
often be neglected. 


7.4.3. Schottky-barrier transistor. The purpose and the princ- 
iple of this transistor are discussed in Sec. 8.5. The structure of an 
integrated Schottky-barrier transistor is shown in Fig. 7.48. The 
layout here gives elegant solution to the problem of combining the 
transistor with the Schottky diode: the aluminum interconnection 
pattern that ensures ohmic contact with the base p layer extends 
toward the collector n layer. At first glance, the aluminum stripe 
shorts out the collector and the base layer. But in reality the stripe 
forms a nonrectifying, ohmic contact with the base p layer, and 
a rectifying, Schottky contact with the collector n layer (see Sec. 3.3). 
That is why the equivalent circuit of this structure is similar to 
the circuit model of Fig. 8.42. 
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The structural arrangement of Fig. 7.18 is certainly applicable 
not only to simplest transistors but also to multiemitter transistors. 


Schottky 


barrier 


Fig. 7.48. Schottky-barrier tran- 
sistor 





In either type, the storage and removal of excess carriers are exclu- 
ded, which decreases the time of switching from the completely turn- 
on to the cut-off state by a factor of 1.5 to 2. 


7.4.4. Superbeta transistor. The superbeta transistor, as the name: 
implies, features a very high common-emitter current gain B that 
ranges from 3 000 to 5 000 and over owing to a superthin base width: 
w, equal to 0.2 or 0.3 um. 

The fabrication of a superthin base presents a serious technological 
problem. First, the base width is the difference in depth between: 
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the base and emitter layers: w = d, — d,. If the tolerance on the. 
base width is +10%, or 0.02 wm, then with a base layer depth d, 
of 2um, the emitter base depth d, must be equal to 1.8 +0.02 um. 
So the diffusion process must produce and emitter layer to an ac- 
curacy of 1.25%, which is hardly within the technological possib- 
ilities. Second, in the course of emitter diffusion, when the metal- 
lurgical boundary of the emitter approaches that of the collector 
to within 0.4 wm, another difficulty arises: a further diffusion of 
phosphorus atoms in the emitter layer is accompanied by the diffu- 
sion (at the same rate) of boron atoms in the base layer. The emitter 
layer may be said to “drive down” the metallurgical boundary of 
the previously grown base layer (Fig. 7.19), thereby preventing the 
base from getting thinner than 0.4 ym. It took engineers many years. 
to overcome the above difficulties and ensure the reproducibility 
of superthin base width. 

A high current gain of superbeta transistors is achieved at a sacrifice 
in the breakdown voltage, which is merely 1.5 to 2 V. A low breakdown 
voltage is the result of junction punch-through inherent in transistors. 
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with a thin base (see Subsec. 4.4.5). Superbeta transistors are thus 
not universal but special elements of an integrated circuit. The main 
field of application of these transistors is in the input stages of ope- 
rational amplifiers (see Sec. 10.10). 

It should be noted that a still further decrease in the base width 
to 0.2 um and below is more dependent on the physical rather than 
on the manufacturing problems. To illustrate the point, let us as- 
sume that the average acceptor concentration in the base is equal 
to 8 x 104 cm-® (see Fig. 7.12). The acceptors will then number 
2 x 10° per centimeter of length. With a base width of 0.1 um, 
or 10-° cm, the base will consist of merely two layers of acceptor 
atoms. In this case the notion of impurity concentration gradient 
in the base layer and the related notion of built-in field becomes 
meaningless. Besides, the processes of carrier scattering and the 
laws of carrier motion in the base change qualitatively. The clas- 
sical theory of transistors thus becomes largely invalid. 


7.5. PNP Transistors 


The fabrication of pnp transistors whose parameters would match 
the npn transistor parameters is a problem that still remains to be 
solved. That is why the available range of integrated pnp transistors 
is much inferior to that of npn transistors in current gain and cutoff 
frequency. 

Other conditions being equal, pnp transistors are known to have 
approximately one-third the cutoff frequency of npn transistors 
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Fig. 7.20. Parasitic pnp transistors 


(a) emitter formed at the stage of base diffusion for npn transistor; (b) emitter specially 
grown by deep boron diffusion 


because of a lower hole mobility as against the electron mobility. 
But modern technology of pnp transistors does not as yet permit 
approaching those “equal conditions” which would ensure just 
a threefold difference in cutoff frequency. 

At an early stage of IC development, pnp structures formed of 
the layers of a base, collector, and substrate served as pnp transistors 
(Fig. 7.20a). These transistors are generally called parasitic by analo- 
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gy to the transistors which enter into the structure of IC npn tran- 
sistors (see Fig. 7.44a). There is no need for additional operations 
in producing a parasitic pnp transistor, but its parameters prove 
extremely poor because of a large base width (comparable with 
the epi-layer thickness) and a low level of emitter doping. With 
a base width of 10 um, the cutoff frequency f; is 1 or 2 MHz, and 
the gain B is 2 or 3. 

An equally severe drawback of parasitic pnp transistors is that 
the isolating p+ layer is linked with the substrate and with other 
isolating layers via the substrate. 
Consequently, the collectors of 
all the pnp transistors become coup- 
led together. This greatly limits the 
field of application of pnp transistors 
(compare Fig. 7.20 with Fig. 7.4). 

An added manufacturing ope- 
ration—deep acceptor diffusion 
(Fig. 7.20b)—makes it possible 
to obtain a smaller base width 
and raise the value of B to 8-10 and 
fr to 46 MHz. But this approach 
lengthens the period of diffusion 
and fails to rectify the drawback 
of collectors coupling via the sub- 
strate. 

At present, the basic type of 
pnp transistor structure is a 
lateral pnp transistor (Fig. 7.24). 
This transistor is isolated from Fig. 7.21. Topology and structure 
other elements, has much better 0 2 Pmp lateral transistor 
parameters than the parasitic pnp 
transistor, and its technology is quite congruous to the conven- 
tional fabrication procedure that uses isolation diffusion. 

Emitter and collector layers are grown at the stage of base dif- 
fusion. The collector encircles the emitter and thus collects the holes 
injected from all the side portions of the emitter layer. The surface 
side portions of p layers have an increased impurity concentration, 
which raises the injection efficiency. Since the base diffusion gives 
rather shallow layers, 2 or 3 um thick, the base width (the distance 
between p layers) can be 3 or 4 wm. Consequently, the cutoff fre- 
quency can reach 20 to 40 MHz, and the current gain B up to 50. 

From Fig. 7.24 it is clear that the lateral pnp transistor, like the 
parasitic transistor, is not of the drift but of the diffusion type 
because its base (the epitaxial nm layer) is homogeneous. This factor 
along with a lower hole mobility accounts for the fact that the fre- 
quency and transient response of the pnp transistor is approximately 
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a factor of 10 below that of the drift transistor even at the same base 
width. It is also apparent from Fig. 7.21 that in order to increase 
the current gain a, the bottom area of the emitter layer should 
be small in comparison with the area of its side parts. So the emitter 
layer need be made as narrow as possible; the width of the window 
for diffusion of this layer is 3 to 5 um. 

Note that the structure of a lateral pnp transistor shows an electro- 
physical symmetry because the emitter and collector layers are 
of the same type. This means, in particular, that the breakdown 
voltages of emitter and collector junctions are equal and commonly 
range from 30 to 50 V. The normal and inverse current gains, By 
and B,, are also close in value. 

The lateral structure of a pnp transistor allows for an easy conver- 
sion of this transistor into a multicollector pnp transistor. For 
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Fig. 7.22. Vertical pnp tran- Fig. 7.23. A pnp transistor fabricated com- 
sistor patibly with an npn transistor by the SOS 
technique 


this it is enough to divide the circular p collector (see Fig. 7.21) 
into m portions and provide each with separate terminations. 

The current gain of each collector will be approximately a factor 
of m smaller than for the entire circular collector, but all the col- 
lectors will operate independently, and their loads will be isolated, 
that is, “decoupled” from each other. 

Major disadvantages of the lateral pnp transistor are a comparat- 
ively large base width and its homogeneity. These disadvantages 
can be avoided in a vertical structure (Fig. 7.22) but at the cost of 
extra operations added to the fabrication process. 

As seen from the structure of Fig. 7.22, two such operations are 
added: deep diffusion of a p layer and final diffusion of a p** layer. 
The last operation is rather problematic because the pt* layer should 
be formed from an acceptor material whose solubility must be higher 
than that of phosphorus used for the deposition of the n* layer. 
Since such acceptor materials are practically nonexistent, it is 
necessary to etch off the upper, most heavily doped portion of the 
n* layer before depositing the p** layer, which makes the manufactur- 
ing process more complex. 
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The silicon-on-sapphire (SOS) technology offers great potential 
in the fabrication of high-quality pnp transistors (see Subsec. 7.2.3). 
The SOS technology (Fig. 7.23) can produce a pnp transistor essent- 
ially independent of an npn transistor, starting from the epitaxial 
growth of the p layer (the nm and p layers are grown selectively 
through different masks). This approach permits optimizing both 
the base width and the level of doping of the emitter layer. But 
since there is a need for local epitaxial growth and two additional 
diffusions, the fabrication procedure is rather complex and costly. 


7.6. Integrated Diodes 


Any of the two pn junctions, either an emitter or collector junction, 
located in the isolating islands can act as a diode. It is also possible 
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Fig. 7.24. Integrated diodes, or transistors suitably connected to perform a diode 
action 


to use combinations of the junctions. The integrated diode is thus es- 
sentially an integrated transistor connected in such a configuration as 
to perform a diode action. 

There are five possible ways of connecting a transistor to form 
a monolithic diode (Fig. 7.24). Table 7.3 gives the typical parame- 


Table 7.3 
Typical Parameters of Integrated Diodes 
Diode type 
Parameter 

BC-E | B-E | BE-C | B-C | B-EC 
Vor, V 7-8 7-8 40-50 40-50 7-8 
Trev, DA 0.5-4 0.5-4 15-30 15-30 20-40 
Ca, pF 0.5 0.5 0.7 0.7 1.2 
Co, PF 3 1.2 3 3 3 
tr, 1S 10 50 50 75 100 
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ters for each of the five configurations. The designations of diodes 
are as follows: the letter ahead of the hyphen denotes an anode, and 
the letter after the hyphen a cathode; the two letters identifying 
two layers tied together are not hyphened. The data of Table 7.3 
show that five diode variants differ both in static (dc) and dynamic 
(ac) parameters. 

Breakdown voltage V,, depends on the junction used. As seen 
from Table 7.2, the diodes using an emitter junction show a lower 
breakdown voltage. 

Reverse currents I,¢, (disregarding leakage currents) are thermally 
generated currents in the junctions. They depend on the volume of 
a junction and thus are lower in those diodes which use only an 
emitter junction having the smallest area. 

Diode capacitance Cg (capacitance between the anode and cathode) 
depends on the area of junctions used; this capacitance is maximum 
in a diode having its junctions connected in parallel (B-EC diode). 
The parasitic capacitance on the substrate, Cy, shunts the anode or 
cathode to ground (the substrate being regarded as grounded). The 
capacitance C, generally coincides with the capacitance C, 54, we 
have dealt with in discussing the npn transistor (see Fig. 7.145). 
In the B-E diode, however, the capacitances C, .,, and C, are 
found to be connected in series, and so the resultant capacitance 
C, is a minimum. 

Recovery time t, of reverse current (the time a diode requires 
to go from the on to the off condition) is minimum in a BC-E diode; 
this diode stores the charge only in the base layer because thefcol- 
lector junction is short-circuited. In other types, the charge is stored 
not only in the base but also in the collector, for which reason the 
time taken for charge removal is longer. 

The comparison of individual diodes allows us to come to the 
conclusion that the BC-E and B-E types are on the whole most 
optimal. Low breakdown voltages of these diodes are of little signi- 
ficance in low-voltage ICs. The BC-E diode is the most common 
type. 

Apart from diodes proper, reference diodes find widespread applica- 
tion in ICs. They also come in a few versions, each designed for 
a definite stabilizing voltage and temperature coefficient. 

Where it is necessary to maintain voltage at 5 to 10 V, use can 
be made of a B-E diode to operate under reverse bias in the break- 
down region; the temperature sensitivity of the device ranges from 
2 to 5 mV° C-!. Where voltages should be kept at 3 tof{5 V, it is pos- 
sible to employ either a reverse-biased BE-C diode designed for 
operation in the punch-through region (see p. 133) or a reverse- 
biased pn juriction specially formed in an isolating layer (Fig. 7.252). 
In the latter device, the m* layer is produced at the stage of emitter 
diffusion. Since the surface portion of the insulating layer is strongly 
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doped, the junction has a p*n* structure and displays a tunnel break- 
down (low-voltage breakdown). The temperature sensitivity ranges 
from—2 to—3 MV °C-. 

Very popular now are reference diodes rated at voltages which 
are equal to or a multiple of the forward voltage on the junction, 
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Fig. 7.25. Integrated stabilizer diodes 
(a) in an isolating layer; (b) in a base layer, using temperature compensation 


V* ~ 0.7 V. These types can use one or a few series-connected BC-E 
diodes operating in the forward-bias conditions. The temperature 
sensitivity is —1.5 to —2 mV °C7?. 

The structure of Fig. 7.25) illustrates two pn junctions grown in 
the base layer. On applying a voltage across the n* layers, one junc- 
tion will operate in the avalanche region and the other in the forward 
bias region. Such a structure is attractive for its low temperature 
sensitivity (1+4 mV °C-). This is because the temperature sensitivi- 
ties in avalanche breakdown and in the forward-bias condition are. 
different in sign. 


7.7. Junction Field-Effect Transistors 


The field-effect transistors (junction FETs) discussed in Sec. 5.3. 
fit well the requirements of general bipolar IC technology, and ther- 
efore they are often fabricated simultaneously with bipolar transist- 
ors on one and the same chip. The typical structures of FETs formed 
in isolated islands are shown in Fig. 7.26. 

In the structure of Fig. 7.26a, the p layer of the gate is grown at. 
the stage of base diffusion, and the n* layers that provide an ohmic 
contact to the source and drain regions are formed at the stage of 
emitter diffusion. Note that the gate p layer completely encircles. 
the drain, so that the current between the source and drain can 
flow only through the controllable channel. 

In v islands intended for FETs, a buried p* layer is formed instead 
of the buried n+ layer. This layer serves to reduce the initial chan- 
nel thickness a and thus decrease the cut-off voltage [see Eq. (5.29)]. 
The formation of the buried p* layer necessitates additional manufact- 
uring operations. In order that the buried p* layer might diffuse 
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into the epitaxial n-layer to a sufficient depth, the acceptor dif- 
fusants used must have a high diffusion coefficient. Boron or gal- 
lium are suited for the purpose. 
The substrate and hence the p* layer are usually kept at the const- 
ant negative bias, therefore they do not perform control functions. 
The structure shown in Fig. 7.26) is similar to the structure of 
a common npn transistor. A part of the base p-type layer located 





(@) (2) 


Fig. 7.26. An n-channel FET (a) and a p-channel FET (b) 


between n* and n layers forms the channel. If the process of manu- 
facture of a FET and a bipolar transistor on the same silicon chip 
does not include extra operations, then the channel thickness will 
be equal to the npn transistor base width (0.5 to 1 wm). At such 
a small channel thickness, the FET shows a wide spread in param- 
eters and low breakdown voltage. Therefore, it will pay to use 
a more complex manufacturing process for diffusing the FET p 
layer independent of the base p layer in order that the channel thick- 
ness might be no less than 1 or 2 wm. For this, it isexpedient to ac- 
complish the preliminary diffusion of the FET p layer prior to base 
diffusion. During the base diffusion the FET p layer will expand 
a little and its depth will become greater than the depth of the base 
layer. 
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For the source and drain regions to be connected only via the 
channel, the n+ layer is made wider (in plan) than the p layer (see 
ig. 7.26b). The n* layer then comes in contact with the n epitaxial 
layer and both form the “upper” and “lower” gates. In the lower part 
of Fig. 7.266 the “upper-to-lower” gate contact is shown by a dash 
line. The p substrate is connected to the most negative voltage. 


7.8. MOS Transistors 


The fabrication of MOS and bipolar transistors on the same silicon 
chip is generally possible, but this manufacturing process represents 
a special case. Bipolar and MOS ICs are generally developed and manu- 
factured separately. These two types of IC serve to handle either 
different functions or one and the same function, but taking advan- 
tage of the appropriate class of transistors. 


7.8.1. Simple MOS transistor. Since integrated MOS transistors 
do not require isolation (see Sec. 7.2), their structure does not dif- 
fer externally from the structure of discrete counterparts. Fig. 7.27 


Fig. 7.27. MOS transistor with 
gate overlap Overlap regions 





shows an induced n-channel MOS transistor structure analyzed in 
detail in Sec. 5.2. Consider some features of the MOS transistor 
as an integrated element. 

From the comparison of Figs. 7.6, 7.21, and 7.22 it is primarily 
evident that the MOS transistor is easier to manufacture than the 
bipolar transistor. The fabrication procedure includes only one stage 
of diffusion and four photomasking processes to define windows 
for the diffusion, thin oxide, ohmic contacts, and interconnections. 
The simple technology ensures a higher yield and lower cost. 

Since the structure is free from isolating islands, there is a possib- 
ility for closer spacing of the elements on the chip, thereby increas- 
ing the packing density. In the absence of isolation, however, the 
substrate becomes a common electrode for all transistors. This 
situation may result in different parameters of externally identical 
transistors. Indeed, if the substrate is at a constant potential, where- 
as the sources of transistors have different potentials (such a dif- 
ference is typical of many circuits), the voltages V,,, , between the 
substrate and source will also be different. According to Eq. (5.15), 
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this is equivalent to the difference between the threshold voltages 
of MOS transistors. 

As known, the main factor that limits the speed of response of MOS 
transistors is commonly parasitic capacitances (see p. 166). The metal- 
lic interconnection layout employed in ICs is much denser than the 
wire-bonding layout specific to units and blocks based on discrete 
components. That is why the parasitic capacitances in an integrated 
MOS transistor are lower than for its discrete counterpart, and there- 
fore the transient response of the former is a few times higher than 
that of the latter. 

The parasitic capacitances of a MOS transistor were shown in 
Fig. 5.10. The barrier capacitances of source and drain junctions, 
Csuys and Cyyya, are calculated from Eqs. (3.34); with n+ layers 
era 20x40 um, these capacitances lie between 0.04 and 

.10 pF. 

The specific capacitance of metallizations is determined from 

the elementary formula 


Com = &&/d (7.4) 


where d is the thickness of a protective oxide; and e is the oxide 
permittivity. Substituting « = 3.5 and d = 0.7 pm, we find that 
a typical value of the capacitance is Cy, ~ 50 pF/mm?. With 
a stripe width of 15 pm, the linear capacitance is 0.75 pF/mm. 
As seen, the stripes merely 50 to 100 pm in length can have a capa- 
citance of 0.04 to 0.08 pF, which is comparable with junction capa- 
citances Cs,» ¢ and Cs,» g- Bonding pads contribute still more to 
the total capacitance of the integrated MOS structure: a 100 by 
100 wm? pad has a capacitance of about 0.5 pF. 

Overlap capacitances C,, and Cygq (see Fig. 5.11) are not amend- 
able to accurate calculation because the edges of the gate metalliza- 
tion and diffusion layer boundaries are irregular, and so the overlap 
area spread is significant (see Fig. 7.27). By setting the thickness 
d of a thin oxide layer equal to 0.12 um, we can estimate the order 
of magnitude of these capacitances. Using Eq. (7.4), we find that 
the per-unit area capacitance of thin oxide is C, ~ 300 pF/mm?*. 
For a width of the source and drain taken equal to 50 wm and an 
overlap to 2 pm, the capacitances Cz, = Cgq = 0.03 pF. These 
values are smaller than the values of other capacitances, and there- 
fore the capacitance C,, may often be neglected. The capacitance 
C ga, however, which is a feedback capacitance between the transistor 
output (drain) and input (gate), shows itself in many circuits as an 
equivalent capacitance KC ,_ of a much higher value on account of 
the Miller effect (see Subsec. 9.5.4). The multiplier K is the ampli- 
fication factor of a circuit, which can range from a few units to a few 
tens and more. For this reason the equivalent feedback capacitance 


7.8. MOS Transistors 248 


KC gq can reach 0.1 to 0.5 pF, thus exceeding all other capacitances 
in value. 

In complementary MOS transistor integrated circuits (CMOSICs), 
both n-channel and p-channel MOSFETs should be produced on the 
same wafer. Then one type of transistor need to be formed in a special 
isolating island. For example, if the silicon substrate is p-type, 
then an n-channel transistor can be obtained directly in the substrate, 
and a p-channel transistor in an n island (Fig. 7.28a). This island 
is in principle easy to realize, though the process involves extra 
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Fig. 7.28 CMOS transistors 
(a) using n-type isolating island; (6) using air isolation by the SOS technique 


operations such as photomasking, donor diffusion, and other manufac- 
turing steps. Besides, it becomes difficult to form low-resistance 
p* layers in the upper, heavily doped, portion of the v island. Another 
way of fabrication of CMOS transistors on the common wafer is the 
SOS technique discussed in Subsec. 7.2.3. The islands of intrinsic 
silicon are first produced on the supphire wafer. Next a donor impurity 
is diffused into some islands to produce n-channel transistors and 
an acceptor impurity into other islands to produce p-channel tran- 
sistors (Fig. 7.28b). Though the number of. fabrication steps here 
is greater than in the manufacture of transistors of one type only, 
the SOS technique obviates difficulties involved in the growth of 
low-resistance source and drain regions (see above). 

As for the fabrication of MOS transistors and bipolar transistors 
compatibly on one wafer, the procedure is in principle simple 
(Fig. 7.29); n-channel transistors are made directly in the p substrate 
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at the stage of emitter diffusion, and p-channel transistors are pro- 
duced in insulating islands at the stage of base diffusion. 

In the course of development of microelectronics, the advancement 
in the performance of MOS transistors continued in two main direc- 
tions: the first was toward an increase in the speed of response, and 
the second toward a decrease in the threshold voltage. The aim of 
the second trend was to reduce the working voltages of MOS tran- 
sistors along with the dissipated power. Because the total power at 
the chip has an upper limit, a decrease in the power dissipated in 
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Fig. 7.29. Bipolar and MOS transistors made on the same chip 


each transistor allows an increase in the level of integration, while 
a decrease in supply voltages facilitates the joint operation of MOS 
transistor ICs and low-voltage bipolar transistor ICs, thereby elim- 
inating the need to use special matching circuits. 


7.8.2. Ways of increasing the speed of response. Increasing the 
speed of response of MOS transistors involves first of all a decrease 
in overlap capacitances. The technology of self-aligning gates decrea- 
ses overlap capacitance by approximately a factor of 10. The general 
idea of this technology lies in that the steps of manufacture of the 
source and drain regions follow rather than precede the step of fabri- 
cation of the gate. In this process, the gate acts as a mask for growing 
source and drain layers, so the edges of the gate coincide with the 
edges of these layers and the overlap does not appear. 

One of the types of MOS transistor with a self-aligned gate is 
shown in Fig. 7.30. The sequence of manufacturing steps here is as 
follows. The first step involves the diffusion of n* layers intentional- 
ly spaced at a distance that exceeds the desired channel length. 
Oxidation then follows in the region between the n* layers and part- 
ially above them to produce a thin oxide. Next an aluminum gate 
electrode smaller in width than the gap between the nt layers is dep- 
osited onto the oxide layer. The last step includes ion doping (implan- 
tation of phosphorus atoms) through a mask formed by the alumi- 
num gate and thick protective oxide. Phosphorus atoms penetrate 
‘the silicon through the thin oxide and “extend” the n* layers up to 
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the edge of the aluminum finger so that the gate edges practically 
coincide with the source and drain edges. The implanted layers are 
doped a little weaker than the n* diffusion layers, and therefore 
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(a) 
Fig. 7.30. MOS transistor with a self-aligned gate produced by ion implantation 
they are designated as nm layers. The implantation depth is also 


somewhat smaller than the diffusion depth, and is equal to 0.1 
or 0.2 um. 





Phosphorus adiffuston 





ARAL esse 


0.0 .0°4 





cS a ‘on 
~ o) o. 
COLL OO% Kx 


"OS TEE eines reretelatatate 


(a) (b) 


Fig. 7.31. Self-aligned poly-Si gate MOS transistor 


(a) donor diffusion through mask having poly-Si layer; (b) finished structure after glassover 
(protective oxide layer deposition) and metallization 
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Another version of the MOS transistor with a self-aligned gate 
appears in Fig. 7.34. The first fabrication step necessitates etching 
of the oxide to define a window for the entire structure of the tran- 
sistor. Silicon is then oxidized in the middle portion of the window 
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to produce a thin oxide stripe whose width should be equal to the 
desired length Z of the channel. A poly-Si layer is now deposited 
on the oxide stripe. This layer is of the same width as the oxide 
stripe, but longer to enable it to extend beyond the edges of the 
original window in the oxide (Fig. 7.31a). The silicon being deposi- 
ted has a rather low resistivity, so the polysilicon layer acts as a metal- 
lic gate in conventional MOS transistors. The next step is the shallow 
diffusion of a donor impurity through a mask formed by the poly-Si 
gate stripe and the protective oxide surrounding the window. This 
results in m* layers of the source and drain, whose edges almost 
coincide with the edges of the polysilicon gate. Further, the whole 
of the chip surface is oxidized and the oxide layer is etched as usual 

: to open windows for ohmic con- 
tacts along with the contact for 
the silicon gate. The metallization 
step comes last to produce the 
desired interconnection pattern. 
As clear from Fig. 7.316, the poly-Si 
gate lies “buried” in the protective 

















oxide, the ohmic contact to 

the gate being positioned beyond 

the working region of the transistor. 

A decrease in the parasitic ca- 

pacitances of a MOS transistor, 

6 OS GOD primarily overlap capacitance C gq, 

rece, Nocen A axeser execs brings to the forefront the pro- 

SQVRY blem of reducing the time con- 

Ss stant of transconductance, ts. At 

i low capacitances, Ts can become 

the main factor that limits the 

Pig. 7.92 MOS transitor produ. THPOMS® chareoteristice “of tran 
ced by double diffusion eer 

Conversion from p-channel to n- 

channe] transistors permitted tg 

to be reduced by approximately a factor of 3 owing to the increased 

carrier mobility. A further decrease in tg calls for a reduction 

in channel length L. The double diffusion process adequately fills 

the need. Fig. 7.32 shows the structure of a MOS transistor made 

by double diffusion. 

This structure is similar to the structure of a conventional npn 
transistor (see Fig. 7.14a), the only, but rather substantial, dif- 
ference being that the emitter m* layer (the source layer in the given 
case) has almost the same area as the base p layer (the channel layer 
here). To ensure the exact “driving” of the n* la.er into the p layer, 
the diffusion of donors for the n+ layer is made through the same 
window in the oxide as that which has been used for the diffusion 
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of acceptors to produce the p layer. This eliminates the necessity 
for photomask alignment in the two successive photomasking proces- 
ses, and hence does away with the alignment error that might lead 
to the shift of the n+ layer with respect to the 7m layer. So the distance 
between the n* and n layers (the p layer thickness) can approxi- 
mately be the same as the base width win an npn transistor, about 
1 wm and less (see Fig. 7.14a). 

Near the surface, the distance between n* and n layers plays the 
role of a channel length (see Fig. 7.32). In transistors having L 
equal to or smaller than 4 pm (as against 4 or 5 ym in most advanced 
MOSFETs made by traditional technology), the time constant ts 
according to Eq. (5.27) can be lower than 0.005 ns, and the cutoff 
frequency fs higher than 30 GHz. 


7.8.3. Ways of decreasing the threshold voltage. Transistors of 
the structure shown in Fig. 7.34 are generally referred to as MOS 
transistors with a silicon gate. They feature not only a small overlap 
capacitance but also a decreased threshold voltage, 1 or 2 V instead 
of 2.5 to 3.5 V as is commonly the case. This is because the material 
of the gate and that of the substrate are the same, namely, silicon. 
So the contact potential difference @,,;s5 between the gate and sub- 
strate is equal to zero; this leads to a decrease in the threshold voltage 
according to Eq. (5.3a). The use of a molybdenum gate gives about 
the same result. 


Apart from the contact potential difference, other parameters 
entering into Eqs. (5.3) can be varied to decrease the threshold vol- 
tage. Thus it is possible to replace a thin SiO, layer by a thin sputte- 
red layer of silicon nitride, Si,N,, whose permittivity is about 
twice as large as that of SiO, (nearly 7 against 3.5). This tends to 
increase the per-unit area capacitance C, and thus reduce the cor- 
responding components of the threshold voltage. Silicon nitride, 
serving as a gate insulator, also offers other advantages, such as 
lower noise, a higher time stability of the J-V characteristic, and 
enhanced radiation stability of the MOS transistor. 


It is also possible to use (100) Si substrates instead of the tradi- 
tional (111) substrates. This raises the density of surface states 
(see Fig. 2.5) and hence increases the charge of electrons captured 
by these states. The negative addend @Q,,/C, in Eq. (5.3a) conse- 
quently grows and the algebraic sum of both terms, namely, the 
voltage Vo», decreases. 

Acceptor atoms, when introduced into the thin oxide, have a re- 
verse effect. They capture from the silicon surface a fraction of elec- 
trons generated by donor impurities, which are always present 
in the oxide (see p. 113). The negative charge Qy, thus drops off. 
Acceptors can be introduced into the oxide by ion implantation. 
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The combination of the above methods allows a decrease in thresh- 
old voltage to arbitrarily small values. 

It should be borne in mind, however, that too low values of thresh- 
old voltage, down to 0.5 to 1 V and below are in most cases unaccept- 
able for circuit engineering reasons (because of low noise immunity.) 


7.8.4. MNOS transistor. The metal-nitride-oxide-silicon (MNOS) 
transistor holds a particular place in the family of MOS transistors. 
In this transistor, the dielectric has a “sandwiched” structure consist- 
ing of the layers of silicon nitride Si,;N, and silicon dioxide 
(Fig. 7.33a). The oxide layer 2 to 5 nm thick is formed by thermal 
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Fig. 7.33. Induced p-channel MNOS transistor 
(a) structure; (b) threshold voltage versus gate voltage 


oxidation, and the nitride layer by reactive cathode sputtering. 
The Si,N, layer has a thickness of 0.05 to 0.4 wm. This is suffi- 
cient for the breakdown voltage to be in excess of 50 to 70 V. 

The main feature of a MNOS transistor is that its threshold voltage 
can be varied by applying to the gate short pulses (100 ps) of diffe- 
rent polarity and of large amplitude (30 to 50 V). Thus the applica- 
tion of +30 V can set up a threshold voltage V, of —4 V (Fig. 7.33b). 
This value remains stable in the further operation of the transistor 
when used in the small-signal mode (Vz < +10 V); the transistor 
acts then as an induced p-channel MOST. If we now apply a pulse 
of —30 V, the threshold voltage V, will become equal to —20 V. 
In this condition, the same signals Vz = +10 V will fail to render 
the transistor conducting. As is apparent, the hysteretic Vy) = V, 
relation permits the MNOS transistor to be switched from the on 
to the off state and vice versa by applying sufficiently large control 
pulses. This feature is put to use in integrated memories. 

The MNOS transistor operates on the principle of charge storage 
at the boundary between the nitride and the oxide layer. This stor- 
age results from the difference between conduction currents in each 
of the layers. The charge buildup obeys the elementary equation 


dQ/dt — Tsio, = Tgisna 
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where both currents depend on the gate voltage and vary during 
charge storage. At a high negative voltage V,, a positive charge 
builds up at the boundary. This process is equivalent to the introduc- 
tion of donors into the dielectric and entails an increase in the nega- 
tive threshold voltage. With a large positive voltage V, applied 
to the gate, a negative charge develops at the boundary, which 
decreases the negative threshold voltage. 

At low voltages V,, the currents in dielectric layers decrease by 
factors between 10!° and 1015 (!), so that the induced charge and the 
corresponding threshold voltage can be retained for thousands of hours. 


7.9. Semiconductor Resistors 


The early semiconductor ICs used only diffused resistors (DR), the 
main constituent of which was one of the diffused layers disposed 
in an isolated island. In common use now are also ion-implanted 
resistors. 


7.9.1. Diffused resistors. This type of resistor is most commonly 
formed by a base layer stripe with two ohmic contacts (Fig. 7.34). 
For this stripe configuration, the resistance of a DR according to 
Eq. (7.4) can be written in 
the form 


R=R, (a/b) (7.5a) 


where R, is the sheet resistance 
(see p. 223-4); the dimensions 
a and 0 are shown in Fig. 7.34. 

Both the length and width 
of a striped DR are limited. 
The length a cannot be larger 
than the crystal size, and SE  rtnicrescieceeee reerereeee 
thus lies in the range from 4 | OLLIE mae /, 
to 5 pm. The factors that set Yo 
the eee limit to the width VILLE le, 

b are the capabilities of photo- 

lithography, lateral diffusion, 

and permissible spread (10 to Fig. 7.34. Stripe-type configuration of 
20%). The minimum width a diffused resistor 

is generally 10 to 15 um. 

Substituting R, = 200 ohms/square and a/b = 100 in Eq. (7.5a) 
gives a typical maximum value of Rmax = 20 kQ. This value can 
be increased twofold or threefold using a meandered configuration 
(Fig. 7.35). The resistance of a meandered resistor assumes a more 
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general form 


pare 
roel > pies) (7.50) 





Here n is the number of bends (in Fig. 7.35, nm = 2); and the sum- 
mand 1.3 is a factor that takes into account the resistor inhomogeneity 
in the region of ohmic contacts. 

The number of bends, 7, is of course limited by the area assigned 
to the diffused resistor and does not commonly exceed 3. Otherwise 
the resistor area can reach 15 to 20% of the entire chip area. The 
maximum resistance at n = 
= 3 does not exceed 50 to 
60 kQ. 

The TCR of a base-diffusion 
resistor ranges from 0.15 to 
0.30% °C-1 depending on the 
value of R,. The spread in 
resistances about the rating 
is between +15 and +20%; 
the values of resistors formed 

; 7 , F on the same chip change in 
Ae Ee eee ela ype: rontiguration one direction only, for which 

reason the ratio between resi- 
stances is kept to a closer tolerance, +3% and below, and the 
TC for the ratio between resistances does not exceed 0.01% °C-}. 
This feature of a diffused resistor plays an important role and 
finds wide use in the development of ICs. 

Where the desired resistance ratings exceed 50 to 60 kQ, it is 
possible to use the so-called pinch resistor of the structure as shown 
in Fig. 7.36. In comparison with the simplest diffused resistor of 
Fig. 7.34, the pinch resistor has asmaller cross section and a larger 
sheet resistance (owing to the use of the weakly doped, bottom por- 
tion of the p layer). As a result, the R, value of a pinch resistor com- 
monly reaches 2 to 5 kilohms per square and over, depending on 
the thickness. At such a value of A,, the maximum resistance can 
be as high as 200 to 300 kQ even for the simplest striped configuration. 

Shortcomings of a pinch resistor are a large tolerance for rated 
values (up to 50%) because of a thin p layer, a higher TCR (0.3 to 
‘0.5% °C-1) due to a low level of doping at the bottom of the p layer, 
and nonlinearity of the J-V characteristic at voltages above 1 to 
1.5 V. The last shortcoming stems from the analogy between the 
structures of a pinch resistor and a field-effect transistor (see Fig. 7.260). 
The J-V curve of a pinch resistor coincides with that of a JFET 
(see Fig. 5.14a) if the JFET gate voltage is set to zero (because the 
pinch resistor has its n+ and p layers connected with each other by 
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metallization). The breakdown voltage of a pinch resistor depends 
on that of the emitter junction, and generally ranges between 
©. and 7 V. 

If the desired resistance ratings must be 100 2 and below, the 
use of the base layer in a diffused resistor is unsuitable because 
the width of the resistor must then be smaller than its length, see 
Eq. (7.5a), which is difficult to implement constructionally. To 
produce a low-value diffused resistor, use is made of a low-resistance 
emitter layer. At R, equal to 5 to 15 ohms/square, which values 
are typical of this layer (see Table 7.1), it becomes possible to obtain 
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Fig. 7.36. Pinch resistor Fig. 7.37. Underpass 


minimum resistances of 3 to 5 Q with a TCR of 0.01 to 0.02% °C-?. 

\Using the emitter n* layer permits solving one more problem en- 
countered in designing an IC, namely, implementing a tunnel cros- 
sing, or underpass (Fig. 7. 37). The question is how to isolate two 
mutually perpendicular metallization stripes of which the first J 
lies on the protective oxide and the second, 2, partially passes under 
the first; this “crossunder” portion represents a low-resistance m+ re- 
gion. An example of the tunnel crossing can be a portion of the col- 
lector n* layer shown in Fig. 7.13b. The underpass is not a universal 
solution because the m* region yet has a noticeable resistance, typi- 
cally 3 to 5 Q. Therefore, wnderpasses are unsuitable for, say, supply 
circuits carrying rather high currents. 


7.9.2. Ion-doped resistors. Last years have seen ever wider use 
of ion-doped resistors produced by local ion implantation (see Sub- 
sec. 6.5.3) rather than by diffusion as is the case for diffused resistors. 

The structure of an ion-doped resistor is the same as that of a dif- 
fused resistor (see Fig. 7.38), but the implantation depth of the p 
layer is much lower than for the base layer and is equal to merely 
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0.2 or 0.3 um. Besides, ion implantation can provide as small an 
impurity concentration in the layer as desired. Both factors favor 
the formation of a layer of high sheet resistance, up to 10-20 kilohms/ 
square; the resistance ratings can range into hundreds of kilohms. 





Fig. 7.38. Ion-doped resistor 


The TCR is lower than for diffused resistors and ranges 3 to 5% °C-}; 
the spread in resistances does not exceed +5 to +10%. 

Since the thickness of an implanted layer is small, it is difficult 
to accomplish ohmic contacts to this thin layer. The approach there- 
fore is to diffuse narrow p layers at the resistive layer edges during 
the base diffusion and then to apply an ohmic contact to these 
diffused layers by the common method. 


7.9.3. Equivalent circuits. A characteristic feature of any integra- 
ted resistor is that it shows a parasitic capacitance to the substrate 





YES Wj 


or isolating well. In the simplest DR (see Fig. 7.34), such a parasitic 
capacitance is a barrier capacitance on the junction formed between 
the working p layer and n epi-layer of the island?. 

.., Strictly speaking, the combination of the resistance and parasitic 
‘capacitance represents a distributed RC circuit (Fig. 7.39). In ap- 


1 The n layer is at the most positive voltage of the power source, therefore 
all the portions of the pn junction are at the reverse voltage. 





Fig. 7.39. Physical model of an 
integrated resistor in the form 
of a distribute RC circuit 
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proximate calculations, however, it is more convenient to use equi- 
valent circuits with lumped constants, such as a II equivalent circuit 
(Fig. 7.402) or T equivalent circuit (Fig. 7.40b). In these circuit 
models, A is the value of the resistor, and C is the mean junction 
capacitance. 

The necessity for averaging the capacitance arises from the fol- 
lowing fact. As the current flows across the resistor, the potential 
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Fig. 7.40. Equivalent circuits of an integrated resistor 
(a) II circuit; (6) T circuit; (c) II circuit at V. = const 


on the p layer becomes different at different points. Since the poten- 
tial on the n layer is constant, the potential difference across the 
pn junction will vary along the y-axis, and hence the barrier capa- 
citance will vary too. 

In a typical case where one of the resistor terminals, say, terminal 2 
is at the constant potential, while the other terminal J is used to 
apply a step of current, the II circuit reduces to the simplest RC 
circuit shown in Fig. 7.40c. The transient response essentially occurs 
as a smooth change of the voltage of the resistor with a step-like 
change of the current. The time constant that determines the tran- 
sient has the form 


t = 1/2 RCO (7.62) 
and the corresponding cutoff frequency 
feur = 1/2 (nt) = 1/(nRC) (7.6b) 


IfR = 10kQand C =1.3 pF, then t = 6.5 nsand f,,; ~ 25 MHz. 
This means that in the given example the resistor performs its function 
as a purely resistive element only at frequencies up to 10 to 15 MHz. 
At higher frequencies, the reactance comes into play, and so the 
operation of the circuit using this resistor can change substant- 
ially. 

The described equivalent circuits are also valid for other versions 
of resistors: where the emitter or collector layers are used as a working 
region, and also where use is made of oxide isolation of elements. 
The quantitative results, however, become different. With the use 
of oxide isolation, for example, the time constant can be a few 
times smaller. 
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7.10. Semiconductor Capacitors 


In bipolar semiconductor ICs, it is reverse-biased pn junctions that 
act as monolithic capacitors. In these capacitors, at least one layer 
is of the diffused type, for which reason they received the name of 
diffused capacitors. 


7.10.1. Diffused capacitor. The typical structure of a diffused 
capacitor where the collector-base junction serves as a capacitive 
element is illustrated in Fig. 7.41. The capacitance of such a capac- 

itor has the general form 


C = Co, (ab) + Cyo2 (a + 6) d (7.70) 


where Cy, and Co, are the per-unit 
area capacitances of the bottom and 
side portions of the pm junction res- 
pectively. The relation between the 
summands on the right of Eq. (7.7a) 
depends on the ratio a/b, that is, on 
the configuration of a diffused capaci- 
tor. The optimal geometry is the square 
(a = b): here the “side” component of 
capacitance is tens of times smaller 
meen than the bottom component. Neglect- 

; ing the side component, that is, the 


i 7) 
VLE <4] addend in (7.7a), and assuming a = 


= b, we get 
C = Cy, (ab) = Cqya2_~— (7.70) 


Fig. 7.41. Diffused capacitor For example, if C,, = 150 pF/mm?and 

C = 100 pF, then a ~ 0.8 mm. As seen, 

the size of the capacitor turns out to be comparable to the chip size. 

In order that the total area of all capacitors entering into the 

IC might not be in excess of 20 to 25% of the chip area, we must 
limit the total capacitance of capacitors to the quantity 


Cmax = (0.2 to 0.25) CoScr 


where S,, is the useful chip area. If S., = 2 to 5 mm? and Cy, = 
= 150 pF/mm?, then Cmax = 50 to 200 pF. 

Using an emitter rather than a collector pn junction can result 
in a 5-fold increase in maximum capacitance because of a larger per- 
unit area capacitance of the emitter junction. 

The basic parameters of a diffused capacitor, including the spread 
in nominal ‘values, 6, due to manufacturing factors, the TCC!, 













1 The dependence of the capacitance.of a diffused capacitor on temperature 
stems from the function Ag, (T) [see Eq. (3.4)], which enters into Eqs. (3.34). 
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the breakdown voltage V,,, and Q factor appear in Table 7.4 for 
both versions of a diffused capacitor using the collector or the emitter 
junction. As apparent from the Table, the emitter junction capacitor 




















Table 7.4 
Typical Parameters of Integrated Capacitors 
Capacitor type eae Cmax’ PF 6, % ye Vor V la(1 MHz) 
Collector junction 150 300 +20 -0.1 50 50-100 
Emitter junction 1 000 1 200 +20 -0.1 7 1-20 
MOS structure 300 500 +25 0.02 20 200 


offers higher maximum capacitances, which is its major advantage. 
As regards the breakdown voltage and Q, this version is inferior 
to the collector junction counterpart. 

The required condition for the normal function of a diffused capa- 
citor is the reverse biasing of its pn junction. So the voltage at the DC 
must have a strictly definite polarity. 

The capacitance of diffused capacitors according to Eq. (3.34). 
depends on voltage. This means that a diffused capacitor is gene- 
rally a nonlinear capacitor with a C-V characteristic as shown in 
Fig. 3.17. Nonlinear capacitors perform useful functions in special 
units of radio engineering equipment, such as parametric amplifiers. 
and frequency multipliers. But in more extensive use are linear 
capacitors with a constant capacitance, which are able to pass ac 
components of the signal without distortion and block (hold) de 
components. The diffused capacitor successfully handles this func- 
tion under the constant bias F that exceeds the amplitude of an ac 
signal. 

Let, for example, the total reverse voltage impressed on the dif- 
fused capacitor be of the form 


V=E+4+V, sin wt 


where E = constant and V,, < E. In this case the voltage V varies 
in the range from FE + V,, to E — Vp, that is, changes insignifi- 
cantly. The capacitance of the diffused capacitor thus practically 
remains constant and equal to C (Z). The ac component of current 
will be determined by the capacitive susceptance as in the “common” 
capacitor: 
Ts = YoVin 

where Yo = o:C (E£). 

An important feature of the diffused capacitor is the possibility 
of varying the value of capacitance by changing the bias E. Conse- 
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quently, the diffused capacitor can serve not only as a traditional 
capacitor but also as a capacitor with an electrically controlled capa- 
citance, or as a variable capacitor. Such capacitors are useful for, 
say, adjustment of tuned circuits. The electrical adjustment of 
capacitance is of course more preferable than the mechanical one. 
But the range of electrical adjustment is rather narrow: varying 
the bias E from 1 to 10 V, we can change the capacitance of a diffu- 
sed capacitor by no more than a factor of 2 to 2.5 [see Eqs. (3.34)]. 


7.10.2. Quality factor. An important parameter of any capacitor, 
the diffused capacitor included, is a high-frequency Qn;. The Qn, 
factor characterizes the power loss with the passage of capacitive 
current and is defined as a ratio 


ere me (7.8a) 








where r»; is the loss resistance at high frequences (Fig. 7.42a). The 
lower the active power as against the reactive power, the higher 
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Fig. 7.42. Physical models Fig. 7.43. Role of parasitic capacitance 
of diffused capacitors for hf in conveying ac voltage across a diffuse 
(a) and for lf (b) capacitor 


the Q factor. For example, if C = 100 pF, rp; = 20 Q and f 
= 1 MHz, then Q;, ~ 75. In an ideal capacitor, r,; = 0 and Qy; 
= &. 

The main source of loss in a diffused capacitor is the lateral resist- 
ance of lower layers that enter into pn junction structure. For a col- 
lector junction, this is the series layer resistance (see Fig. 7.41); 
for an emitter junction, the source of loss is the base layer resistance. 
With the n* buried layer being present, the r,; for the collector 
junction is much lower than for the emitter junction. Therefore, 
the Q for a diffused capacitor is lower when using the emitter junc- 
tion rather than the collector junction (see Table 7.4). 

From Eq. (7.8a) it follows that the Q grows with decreasing fre- 
quency. At rather low frequencies, however, another type of loss 
makes itself felt to a considerable degree, which is quite negligible 
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at high frequency. It is the leakage resistance 7); that stems from 
the reverse current through a pn junction. This resistance shunts 
the capacitance of a diffused capacitor (Fig. 7.42b). The quality 
factor at low frequencies is therefore the ratio 


Y 
Qa, = oCcri; (7.8b) 


where ry is the leakage resistance at low frequencies. 

The resistance rj; is inversely proportional to the junction area 
since it is a function of the junction reverse current. So the product 
Cri; and hence low-frequency quality factor are independent of the 
area. The Qi; at 500 Hz is typically 50 to 100. 

Over the frequency range in which both the Q,; and Qy, exceed 
100 to 200, the diffused capacitor represents an almost ideal capac- 
itor, so the equivalent circuits (see Fig. 7.42) can disregard the loss 
resistance. The above examples show that the diffused capacitor is 
nearly idel in the frequency range from 500 Hz to 500 kHz. 


7.10.3. Equivalent circuit. A specific feature of the diffused ca- 
pacitor as an integrated element is that it exhibits a parasitic capac- 
itance. In a collector junction capacitor, this is a barrier capacitance 
between the collector layer and substrate, Cou; = Ce sun (see 
Fig. 7.14). The parasitic capacitance prevents the diffused capacitor 
from transferring the applied input voltage fully to the load. 

Indeed, from the equivalent circuit of Fig. 7.43 it is apparent that 
the capacitance of a diffused capacitor together with the parasitic 
capacitance forms a capacitive voltage divider, so only a fraction 
of input voltage V;, appears at the output: 


X par 
X par +Xe 


where Xpq, and X¢ are the reactances of the parasitic and working 
capacitances, C,,, and C, respectively. Substituting Xpa, = 1/oCpar 
and Xc¢ =1/wC, we may write the voltage transfer ratio as 


Vout/Vin ca cl(c - Cpar) (7.9) 


The voltage ratio will be close to unity if the inequality Cp,,§< 
< C is valid. But the areas of both capacitors (working and parasitic) 
are almost equal (see Fig. 7.43). Moreover, the area of the parasitic 
capacitor C, yp» is even a little larger. 

Therefore, the capacitances C,,, and C differ only on account of 
the difference between the per-unit area capacitances of collector 
and emitter junctions and also as a result of the difference between 
the voltages applied to these junctions. Calculations show that in 
real IC structures it is hardly possible to decrease C,,, below 0.15 
to 0.2 C. Hence the voltage transfer ratio lies between 0.8 and 0.9. 


17—0128 


Vout = Vin 
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Essentially the same conclusions and equivalent circuit hold for 
the diffused capacitor using an emitter junction. 


7.10.4. MOS capacitor. This integrated capacitor is principally 


different from the diffused capacitor. Fig. 


7.44 shows its typical 


structure where a thin oxide layer 0.08 to 0.12 um thick is grown 
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Fig. 7.44. MOS capacitor having 
Sib, as dielectric 
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Fig. 7.45. C-V characteristic of a 


MOS capacitor 


1—inversion layer absent; 2—inversion la- 
yer present 


surface region becomes enriched 





by an additional manufacturing 
process above the emitter nt lay- 
er. In the subsequent operati- 
on, while depositing the metal- 
lization pattern, this thin layer 
is coated with aluminum to pro- 
duce an upper plate of the capa- 
citor. The emitter n* layer acts 
as a lower plate. 

The per-unit area capacitance 
of a MOS capacitor is expressed 
by Eq. (7.4) and is typically 
equal to about 350 pF/mm?. The 
basic parameters of a MOS ca- 
pacitor are given in Table 7.4. 

An important advantage of 
the MOS capacitor over the dif- 
fused capacitor is that the former 
can operate with any polarity of 
voltage. In this respect, this ca- 
pacitor is analogous to a traditio- 
nal capacitor. But the MOS ca- 
pacitor, like the diffused capa- 
citor, is nonlinear; an example 
of the C-V characteristic appe- 
ars in Fig. 7.45. 

The C-V relation results from 
the fact that the capacitance of 
a MOS capacitor generally rep- 
resents two capacitances conne- 
cted in series: the dielectric ca- 
pacitance mentioned earlier and 
the depletion layer capacitance 
that can form in the surface regi- 
on of the semiconductor. In a ca- 
pacitor shown in Fig. 7.44, the 
with electrons at the zero and 


positive voltages on the metal plate, and hence the depletion layer 
is absent. The total capacitance is thus determined by the dielectric 


and has a maximum value. 
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At negative voltages, a depletion layer gradually builds up, the 
depth of which grows with voltage. The depletion layer capacitance 
decreases accordingly, leading to a decrease in the total capacitance 
of the MOS capacitor (curve /). At a rather high negative voltage, 
an inversion p layer (conducting channel) appears near the surface. 
Thus the depletion layer capacitance becomes “disconnected” from 
the dielectric capacitance, and the total capacitance of the MOS 
capacitor approaches the initial value (curve 2). 

For the effect of the depletion layer to be insignificant, it is neces- 
sary that the capacitance of this layer should be large as against 
the capacitance of the dielectric. This requirement can be fulfilled 
with a large impurity concentration in the semiconductor. It is 
for this reason that the n* layer is used as a semiconducting “plate” 
in the MOS capacitor. A low resistance of this layer also ensures 
a high Q factor of the capacitor. 

The parasitic capacitance C;,,, in the equivalent circuit of Fig. 7.43 
should be understood as the capacitance between the n island and 
p substrate. The voltage transfer ratio of Eq. (7.9) is not lower than 
0.9 to 0.95. 

A distinguishing feature of the MOS capacitor is that its capaci- 
tance is frequency dependent. This dependence arises from the 
effect of fast surface states at the semiconductor-dielectric boundary. 
The recharge of these states is an inertial process, which proceeds. 
at a time constant of about 0.1 ps (see p. 36). That is why an increase: 
in frequency makes the capacitance of a MOS capacitor drop off and. 
reach a steady value only at frequencies above a few megahertz. 

Let us note in conclusion that in distinction to bipolar ICs, the: 
fabrication of MOS capacitors in MOS ICs does not involve extrai 
operations: the thin oxide for capacitors is formed at the same stage 
as that used for growing a thin oxide under the gate, and the low- 
resistance semiconductor layer at the stage of the source and drain 
doping. 
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As known, the commercial fabrication of active film elements such 
as diodes and transistors has yet to be developed. Therefore we consi- 
der only passive film elements such as resistors, capacitors, and 
inductors. These elements can be made by both the thin film and the 
thick film technology. The configurations of thin film and thick 
film elements are identical, but they can differ substantially in 
geometrical dimensions (at given electrical parameters) because of 
the use of entirely different materials. 

Film elements need not be mutually isolated because they are 
deposited on the dielectric substrate. Because the substrate is com- 
paratively thick, not less than 500 um, and the distances between 
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elements are rather large, parasitic capacitances are insignificant 
and not included into equivalent circuits. 


7.11.1. Resistors. The structure and configuration of a film re- 
sistor appears in Fig. 7.46. In the general case, the configuration of 
a film resistor is the same as for the diffused resistor shown in 
Fig. 7.35. As seen, the configuration is of the meandered type, though 
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Fig. 7.46. Film resistors of the striped configuration (a) and meandered con- 
figuration (b) 





stripe-type resistors are also available. So, Eq. (7.5) is applicable 
here for the calculation of resistances. The sheet resistance depends on 
layer thickness and the material used. The typical values of R, 
are listed in Table 7.5, which also includes the typical values of 


Table 7.5 
Typical Parameters of Film Resistors 
6, % TC, 1074/°C 
Resistor type | Rs» 9/0 |[Rmax, 2 min] not reir 00" ne 


trim-|trimmed| R 
med 








Thin film 10-300 10° 10 +5 | +0.05} 0.25 | +0.05] 0.005 
Thick film | 5.0-10® |5x108] 0.5 | +15 | +0.2 | 2 +0.1 0.05 


other parameters such as the maximum and minimum resistance 
ratings, resistance tolerances 5, TCR, and resistance drift (for 1 000h 
at 70°C). 

The table gives the tolerances, 5, for two cases; the first refers 
to resistors not subjected to special adjustment, or trimming, and 
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the second to resistors subjected to trimming. The methods of trim- 
ming will be discussed later. The values of TCR in the table are also 
given for two cases: for the resistance of an individual resistor, R, 
and for the resistance ratio of two resistors, R,/Rg. 

The data of Table 7.5 allows us to make the following general 
conclusions. 

1. Film resistors span by far a wider resistance range than mono- 
lithic counterparts such as diffused and ion-implanted resistors. 

2. Thin film technology produces resistors of higher precision 
and stability. 

3. Trimming substantially decreases the spread in resistance. 
So the possibility of trimming the resistor values is an important 
advantage of film resistors. 

4. The resistance ratio features 
a smaller spread and lower TCR 
than an individual resistance (this 
is also the case for monolithic re- 
sistive elements). 

A few methods are available for 
trimming the resistors. The sim- 
plest and historically first me- 
thod consists in partial mechanical 
scraping of the resistive layer pri- 
or to depositing a protective coat 
on the surface of the IC substrate. plate. Dielectric 
A more advanced approach comes 
to a partial removal of the layer 
with an electric spark, electron 
or laser beam. These methods even- 
tually raise the resistance. The 
most perfect and flexible method Fig. 7.47. Film capacitor 
consists in passing a rather high 
current through a resistor. This method initiates two simultaneous 
processes: oxidation of the resistive layer surface and ordering of 
its fine-grained structure. The first process tends to raise the resist- 
ance and the second to decrease it. Selecting the proper value of 
current and the atmosphere most suitable for trimming can ensure 
a change in resistance in either direction by +30% to an accuracy 
of fractions of a percent with respect to the desired rated value. 







9.94910 101010501010:02010°02070%4 





Substrate } 
rr 





7.11.2. Capacitors. Fig. 7.47 illustrates the structure and confi- 
guration of a typical film capacitor whose per-unit area capacitance 
is found from Eq. (7.4). The thickness d of a dielectric film strongly 
depends on the technology employed: for thin films, d = 0.1 or 
0.2 wm, and for thick films, d = 10 to 20 um. Other things being 
the same, the per-unit area capacitance of thick film capacitors is 
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smaller than of thin film ones. However, the difference in dielectric 
thickness can be offset owing to the difference in the permittivities 
of materials. 

In thin film capacitors, the per-unit area capacitance is not pro- 
portional to the permittivity of the material used because the break- 
down strength also plays its role. The material with a high value of 
ecan have a low breakdown strength. At a given breakdown voltage, 
therefore, one should increase the dielectric layer thickness; thus 
the gain in per-unit area capacitance proves smaller than would 
be expected. 

When making a choice on the dielectric for a high-frequency 
capacitor (both a thin film and a thick film type), we should also 
consider the loss of energy in the dielectric’. 

As for the ohmic loss in the plates of film capacitors, this is much 
lower than for monolithic capacitors, because both plates are metal- 
lic layers of high conductance. 




















Table 7.6 
Typical Parameters for Film Capacitors 
i a Co, pF/mm2 y: Cn max’ PF 8, % | TCC, %C-1 | Q(10 MHz) 
SiO 0 | 1 500 25/0 2 | 20 
Thi 
yee. “| Ag, 1500 | 4x10! | £45 +15] 0 o |: 
Ta,O5 mo | +15 | 0 a | 
Thick film = _ +20 | to +0-02 | - 
MOS 3 so | 2 +20 } ° m | 4 









Table 7.6 gives the typical parameters of film capacitors and also 
shows for comparison the parameters of MOS capacitors which resem- 
ble the former in structure. What can be inferred from the table is 
as follows. 


1 This power loss is described by tan 6, which is the tangent of the angle 6 
formed between the phasor of total current and the phasor of reactive current 

yo Soroush a capacitor at a given frequency. If the loss is insignificant, 
tan 


x6 <1 
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1. The per-unit area capacitance of film capacitors, with the die- 
lectric being properly chosen, can be ten times as high as that of 
MOS capacitors, let alone diffused capacitors. 

2. Maximum capacitances of film capacitors can be a few orders 
of magnitude higher than those of monolithic capacitors, largely 
because of an increased area; the fact is that the area of hybrid IC 
substrates greatly exceeds the area of semiconductor IC chips. 

3. Thick film capacitors are almost comparable to thin film capac- 
itors in most of the parameters, the temperature coefficient being 
probably the exception. 

4. For high-frequency thin film capacitors, the optimal dielectric 
is silicon monoxide. Germanium monoxide parameters resemble 
those of silicon monoxide. 

It should be pointed out that mi- 
niature discrete capacitors are now 
available, including the ones exhibi- 


ting rather a high capacitance, typi- 4 
cally up to afew microfarads. That is y Y 
why there isa tendency today to rep- Y 
lace film capacitors by chip capaci- y 
tors. ] 
Pree). 
7.11.3. Inductors. As noted earlier, Substrate 





the possibility of the manufacture of 
inductive components by microele- _ : : 
ctronic techniques is one of the me- HE ia Film  square-spiral 
rits of film technology. These com- ‘™°¥° 

ponents have the shape of a flat 

Square or round spiral, the former configuration being most po- 
pular (Fig. 7.48). The material used is largely gold since 
it has low resistivity. The width of a metal stripe is 30 to 50 um, 
and the gap between turns is 50 to 100 pm. With such a geometry, 
the per-unit area inductance can range from 10 to 20 nH/mm’, 
so a surface area of 25 mm? can give an inductance of 250 to 500 nH. 

The Q,,; of a film spiral inductor is defined by relation 


Qay a oL/r py (7.10) 


where r,,, is the loss resistance at high frequencies. Thus at 100 MHz 
the quality factor can be Q,; = 50. Unlike the Q of a capacitor 
[see Eq. (7.8a)], the Q of an inductor rises with frequency. For 
this reason film inductors containing 3 to 5 turns can operate to 
advantage in the SHF range at 3 to 5 GHz. 

The advent of miniature fine-wire wound coils has limited the 
use of film inductors, particularly at frequencies below 50-100 MHz; 
because it is advantageous to use discretes in preference to film 
inductors, as is the case with capacitors. 


Chapter BASICS OF DIGITAL 
8 CIRCUIT ENGINEERING 


8.1. General 


The advancement of microelectronics inevitably involved a kind of 
“natural selection” of most suitable circuits from a large number 
of electronic circuits employed earlier in discrete transistor electr- 
onics. A large amount of circuits, which were typical and most 
popular in discrete version, proved far from being optimal or, some- 
times, impractical in integrated circuit form. On the contrary, 
the circuits which found rare and rather narrow special-purpose 
applications in discrete electronics have held the lead in microelectr- 
onics. Besides, microelectronics, as a qualitatively new stage in 
electronic engineering, has given birth to a number of new, unknown 
earlier, circuit designs whose realization in discrete circuit form 
could be impossible. 

At the present time, there is no sense in studying electronic cir- 
cuit engineering within such a scope, in such detailed form, and 
even in such a sequence as it was justifiable only 10 to 15 years back. 
The former kind of presentation would largely be encyclopediac in 
character and, in some cases, should have to entail negative estimates 
and recommendations as regards the practical use of one circuit or 
another in integrated version. The circuits discussed in Chapter 8 and 
9 represent that “gold stock” which has passed from discrete transistor 
engineering to microelectronics and formed the basis for its further 
progress. 


8.2. Classification of Electronic Circuits 


At present, itis common to divide electronic circuits into two classes, 
digital and analog. 

Digital circuits mainly use the simplest transistor switches, which 
are analogs of metallic contacts. Switches feature two steady states, 
open (off) and closed (on). The simplest switches underlie the struc- 
ture of more complex circuits such as logic, bistable, trigger, and 
other types. 

Analog circuits rely on the simplest amplifying units or stages. 
Amplifying stages make up complex (multistage) amplifiers, current 
and voltage regulators, frequency converters (modulators and discri- 
minators), sinusoidal oscillators, and a number of other circuits. 
Such circuits sometimes go under the name of linear or quasilinear 
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circuits, though this name is more appropriate to amplifiers and stabi- 
lizers, while for other circuits it is rather conditional. 

It is convenient to explain the specifics of digital and analog cir- 
cuits with transfer characteristics describing the variation of an output 
variable with an input variable. For example, we assume that these 
variables are voltages. 

Figure 8.1 illustrates typical transfer characteristics. Curve J 
shows the characteristic of inverting circuits in which low input volta- 
ges correspond to high output voltages, and curve 2 shows the 
characteristic of noninverting circuits in which low input voltages 
correspond to low output voltages. Inverting circuits find more ex- 
tensive uses. The transfer characte- 
ristics are also typical of the sim- 
plest switches and the simplest am- 
plifying stages. But the use of these 
characteristics in both classes of cir- 
cuits is principally different. 

In a transistor switch, its two stea- 
dy states, the off and the on state, 
correspond to points A and B shown 
in Fig. 8.1. At point A, the switch is 
off, so the voltage drop across it is 
high. At point B, the switch is on and 
the voltage drop across it is close to | 
ae Input and output signals (volta- Fig. 8.4. Transfer characteris- 
ges) in the switch assume only two tics 7 and 2 of inverting and 
values: either V;, , and Vou; 4 OF noninverting circuitsrespectively 
Vin pg and Vout p- The shape of the cur- 
ve between the points A and B is of no significance; if it changes as 
shown by a dash line, the output signals remain practically invar- 
iable. From this it follows that simple switches and hence digital 
circuits are little sensitive to the spread in parameters, to thermal 
and time drift, and also to external electromagnetic interference 
(stray pickup) and intrinsic noise. Fig. 8.4 illustrates the last conclu- 
sion by showing that small voltage variations AV, about point B 
(such as inherent or external noise) do not practically alter the value 
of output signal and thus have no effect on the switch operation. 

The amplifying stage operates in the region between points a and b. 
The input and output signals may take on any values within this 
region, and the functional relation between the input and output 
has the form: V,,; =f (Vin). Obviously, any “deformation” of 
the characteristics in the a-b region, whatever the reason of this defor- 
mation can be, will affect directly the above function and hence the 
operation of the circuit. For example, at the same input signal 
Vinc, the output signal may take different values, either V,,;¢ 
or Voutc’. What can be inferred from the above is that an amplif- 
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ying stage and thus analog circuits are responsive to the spread in 
parameters, to the thermal and time drift, and also to noise and 
stray pickup. As seen from Fig. 8.1, small voltage variations AV; 
about point C cause a noticeable change in the output signal in 
accordance with the function V,,; =f (Vin). 

Each type of electronic circuit, whether digital or analog, natu- 
rally has a more detailed classification, first of all, by the functions 
they have to perform. We shall start the study of microelectronic 
circuitry principles by considering transistor switches and digital 
circuits, because of their relative simplicity, though analog circuits 
were the first to appear in electronics; it was these circuits that for- 
med the foundation for radio engineering—the first field of industry 
that began to use electronic devices. Analog circuits will be discus- 
sed in the next chapter. 


8.3. Static Operation of a Simple Bipolar 
Switch 


In the static operation of a switch, that is, at two stable points 
A and B shown in Fig. 8.1, it is metallic contacts that feature ideal 
parameters. In these mechanically operated contacts the residual 
current in the off condition depends on the 
quality of insulation, and does not common- 
ly exceed 10-1? A. In the on condition, the 
residual voltage at the contact comes to 
fractions of a microvolt at currents of about 
4 mA. By these parameters, mechanical 
switches still remain beyond competition. 
But in the dynamic operation, that is, in 
switching from one operating point to the 
other, mechanical switches are much in- 
ferior to electronic counterparts in maximum 
switching frequency, contact reliability, and 
Fig. 8.2. Simple transis- service life. These characteristics have pre- 
tor switch determined the choice of electronic swit- 
ches in preference to mechanical ones for use in digital circuitry. 





8.3.1. Operating points. Fig. 8.2 shows the circuit of the simplest 
transistor switch. The transistor is connected in a common emitter 
configuration. The collector circuit that includes a power source 
Z, and load resistor R, is a controlled (switched) circuit. The con- 
trolling (base) circuit includes a control voltage source E, and a series 
resistance Rp. 

If the voltage Z, is negative, the emitter junction is reverse biased, 
the transistor is turned off, and so the residual current in the load 
circuit is very small. The voltage V,, across the switch is thus close 
to E,. 
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With the voltage E, being positive and having a sufficiently 
high value, the transistor is in the on condition, the current /, 
flows in the load circuit, and the residual voltage across the switch 
can be close to zero. 

From the foregoing description we can conclude that the switch 
is an inverting circuit because an increase in the input voltage 


1p 





Fig. 8.3. Operating points on the input (a) and output (b) static characteristics 
of a switch 


/y from negative to positive values entails a decrease in the output 
voltage V,, from E, to a small residual voltage. 

The residual current and residual voltage are the main static 
parameters of the switch. Consider them in more detail. 

A transistor switch in the off state must, strictly speaking, obey 
the condition EZ, < 0. However, the silicon pn junction remains 
practically off also at a small positive bias voltage E, < 0.6 V 
(see p. 89). In the off state, the currents at the three terminals of 
the transistor do not generally exceed fractions of a microampere. 
We thus can neglect the voltage drop across resistances R, and R, 
and set V, = E, and V., = E,. The point A on Fig. 8.3 represents 
the off condition of the switch. 

When the voltage EF, reaches V*, the transistor becomes conduc- 
tive. The base current J,, starts to flow and so does the collector 
current J,, in proportion to /,,; the collector potential corresponding- 
ly decreases, as shown at points / in Fig. 8.3. As E, grows further, the 
base potential V, remains equal to V* (see Fig. 8.3a) but the currents 
go on rising and the collector potential droping off?. 


_} In Fig. 8.3 and in other figures, we use the method of load lines to deter- 
mine the quiescent (Q) points. The aperecs comes to the following. Lay off 
the given voltage (E, or E, here) on the y-axis and from this voltage point con- 
struct an J-V curve for the load (R, or R, in the given case). The point ofinter- 
section of both curves gives the current and voltages in question. 
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At point 2 corresponding to current J,,, the collector potential 
V. becomes equal to V* and thus the voltage across the collector 
juction, V., = V.— Vy, goes to zero. As the current rises still 
further, the voltage V., becomes negative, that is, the collector jun- 
ction becomes forward biased, and the transistor operates in tho 
double injection mode. But so long as the forward bias at the col- 
lector junction remains lower than the turn-off voltage (0.6 V, seu 
p. 89), the collector injection is insignificant, so the collector cur- 
rent grows in proportion to the base current. At point 3 the forward 
voltage V., reaches a value of 0.6 V 
(the collector potential correspon- 
dingly falls to about 0.1 V). Then 
the collector injection becomes sig- 
nificant and begins to impede the 
further rise in the collector curr- 
ent, which then remains practical- 
ly constant. 

This maximum collector current 
is known as the saturation cur- 
“eo Vres Vog alee denoted as J, 5a; and the dou- 

: els P le injection mode specific to the 
Se a poe poen ele on condition of the switch is known 
sidual voltage components ° as the saturation mode. The point 

B in Fig. 8.3 represents the on (sa- 
turated) condition for the switch. The control current and voltage 
in the on condition are respectively designated as Jj and Ej. The 
residual voltage across the switch, at point B in Fig. 8.4, contains 
two components: 





Vives => Vee + te satl sc (8.1) 


where Ve is the voltage difference between the junctions and J, satlsc 

is the voltage drop across the series collector resistance (see Fig. 7.6). 
The first component is found from Eq. (4.38c), which can be rea- 

dily reduced to the form 

1 Ii+TI_ sat/(B;-+1) 


V..= ]n ee eee 
a ae ay CEN Pare Te 


(8.2) 
For example, if By = 100, By=4, and J.,.: = It, then Vee © 
27 mV. If I. sat = 10 J, then V,. grows to 65 mV. Note that a 
decrease in component V,, is due primarily to an increase in inverse 
gain B,. Thus, if we set B; = 3 in the above examples, then the 
values of V,. will respectively come to 12 and 40 mV. 

The second (ohmic) component varies over a wide range depending 
on the saturation current and the transistor structure. If I. sa: = 
= 100 pA and r,, = 10 Q (the structure with a buried layer), then 
Ie sat?sc = 1 mV, and so the second component is much smaller than 
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the first component. But if J, ,4 = 2mAandr,, = 100 Q (the struc- 
ture without a buried layer), J. sats: = 200 mV, and so the second 
component noticeably exceeds the first. That is why switching ICs 
always use buried layers. The total residual voltage commonly ran- 
ges from 50 to 100 mV. 


8.3.2. Saturation criterion. Relying on Fig. 8.3, we can easily 
derive the expressions for the turn-on base current and collector satu- 


ration current: 
If = (Ef — V*)/R, (8.3a) 


I, sat = (Ee — Vres)/Re ~ a (8.35) 

Since the voltage V* is practically constant, it is safe to assume 
{hat both currents are functions of external parameters such as 
iy, Ry, EZ, and R,. In other words, in calculating a saturated switch, 
we can assume J} and J, ,q; to be specified, independent variables 
and the voltages to be the functions of the currents. 

The formal criterion of switch saturation (that is, switch opera- 
lion in the mode of double injection) is the condition at which the 
collector junction is forward biased. In Ebers-Moll formulas (4.32) 
forward voltages are positive in sign. The saturation criterion can 
thus be of the form: V, > 0. But this criterion is inconvenient to deal 
with where the specified variable is current. Instead, it is suitable 
to employ the current saturation criterion: 


BIg > I, sat (8.4) 


where B is the common-emitter current gain for a transistor in the 
normal operation region. 

The criterion (8.4) is easy to derive from (4.34) if we express V, 
in terms of currents, substituting 7, = J, + J, and setting V, > 0. 

The inequality (8.4) must be strong enough so that the inevitable 
changes in the quantities entering this criterion should not cause 
the switch to go out of saturation, otherwise this would lead to a 
sharp rise in residual voltage. 

The relation between the quantities entering the inequality (8.4) 
is described by a special parameter known as the degree of saturation 


S = BItl/l¢ cot (8.5) 


The quantity S is equal to unity at the edge of the active region; 
at the zero collector current, S extends to infinity. When the base 
and collector currents are equal, S = B. In Fig. 8.30, the degree of 
saturation approaches 2. 


8.3.3. Parallel connection of switches. It is usual practice to use 
one voltage source: E,, to control a few switches, in which case the 
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emitter junctions of these switches become connected in parallel. 
Fig. 8.5a shows the circuit of two parallel-connected switches. Ob- 
viously, the total current J, is distributed (divided) between tho 


bases: 
Ty = In, + Toe 


If the transistors and their operating conditions are identical, the 
total current is equally divided between the bases: 


Ig, = Ip, = 4/2 Ty 


If the input /-V characteristics are nonidentical, the distribution of 
current J, at the equal voltages V, = V* can be rather nonuniform 
(see currents Jj; and Jj. in Fig. 8.50). 

For an analytic estimate of this nonuniformity, let us use 
Eq. (4.38a). For the switch under analysis, the voltage V,, is the 


Loy le2 
i, ly 


-{2=3- 





(Q) 





Fig. 8.5. Parallel connection of switches 
(a) circuit; (b) current distribution 


input voltage V,. If we pass from the factor a, to B; in (4.38a), take 

into account (4.33), and set a, ~ 1 for simplicity, the expression 
for V, assumes the form 

= Ie+(Br+1) Ip 

V, =Qr In 7 Bilge (8.6) 


This is the expression for the input /-V characteristic of the switch 
with parameters J,, B; and Jj. 

The parameters J,. and B,; in integrated circuits show a comparati- 
vely small spread because integrated transistors lie close to each other 
on the chip. As for the currents /,, these can differ substantially in 
complex switching circuits. From Eq. (8.6) it is clear that at the same 
values of V,, the transistor with a higher value of J, will exhibit a 
smaller degree of saturation. With a rather large difference in cur- 
rents J,, the transistor with a higher current can fail to reach satura- 
tion at all, which disturbs the operation of the switch. 
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It is easy to see that a substantial difference between the base 
currents in the parallel-connected switches stems from a steep rise 
of the J-V curve in the vicinity of voltage V*. It is thus possible to 
equalize currents J, by decreasing the steepness of the J-V curve. 
For this, one should connect series resistors R of identical values to 
the base circuits of all the transistors, as shown by dash lines in 
Fig. 8.5a. 

The resultant J-V curves are plotted by points. To do this, set the 
current J, and add up the corresponding voltages V, and /,R to 
obtain one of the points of an J-V curve. Next, draw a smooth line 
through all the points obtained in the same way. The resultant cur- 
ves appear as shown in Fig. 8.55 by dash lines. As seen from the figu- 
re, these are practically straight lines originating from the point 
V* and showing a slope corresponding to the resistance R. For these 
I-V curves, nearly identical currents J,, and Jj. correspond to the 
voltage V;. 

Note that the base resistance r, plays the same part as the exter- 
nal resistor R. But the typical values of r,, ranging from 100 to 
200 Q, are insufficient to smooth out the J-V curve to the desired 
degree. The sum r, + R may formally be 
regarded as an equivalent base resistance. +E, 

The transistor with such a large re- 
sistance exhibits an increased forward 
voltage across the emitter junction, 
V. = V* + 1,R. Assuming J, = 1 mA 
and R = 0.5 kQ, then V, averages 1.2 V. 





8.3.4. Series switching circuit. Indivi- 
dual switches find use mainly in analog | 
circuits. Characteristic of digital circuits 1 
is a joint operation of a few switches for- 


ming what is known as a switching net- 
work. In such a network, the preceding Y 


switch controls the next switch and this 
in turn controls the operation of the sub- 
sequent switch. 

Consider the series network of switches illustrated in Fig. 8.6. 
We shall disregard for the time being the switch 74 shown by a dash 
line. If the transistor 7/7 is on in saturation, the potential V., and 
the equal potential V,, come close to zero, and hence the transistor 
T2 is in the off condition. A current then flows into the base of T3 
from the source EZ, via R,, so the transistor 73 is on. The series 
network thus features alternately open and closed switches. 

The equivalent circuits for the transistors in saturation and cutoff 
appear in Fig. 8.7. These equivalent circuits permit us to determine 
the operating conditions for the base circuits of controlled transistors 


Fig. 8.6. Switching network 
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Comparing the circuit of Fig. 8.7a with the general circuit of Fig. 8.2, 
we can write the parameters of the base circuit in the off switch: 


Ey = Vries? 9, Rp XO (8.7a) 


where E;; is the “cutoff” voltage. Comparing the circuit of Fig 8.7) 
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Fig. 8.7. Switch circuit models 
(a) off condition; (b) on condition in saturation 


with the general circuit of Fig. 8.2 gives the parameters of the base 
circuit in the on switch: 


Et ~ E,, Ry xR. (8.76) 


Substituting the values of Ef and R, from Eq. (8.7b) into (8.3a) 
gives the turn-on base current: 
$= (E, —_ V*)/R, (8.8) 
The saturation collector current is expressed by the same formula 
(8.3b) as for an “isolated” transistor switch: 
I, sat = (E. aa Vres/Re ~ E/R, (8.9) 
As seen, the collector and base currents in the series network are almost 
equal, 
Substituting (8.8) and (8.9) into the saturation condition (8.4), 
we set the limit on the current gain: 
B>EJ(E, — V*) (8.10) 


Even at minimum supply voltage, E, = 1 to 1.2 V, we get B > 
> 2.4 to 3.3, which is easy to achieve under common operating con- 
ditions. 

The degree of switch saturation in the series circuit, according to 
(8.5), will take on the form 


S =B(E,. — V*)/E, (8.44) 
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At supply voltages, typically 3 to 5\V, the degree of saturation may 
reach 50 to 100 and more. 

Let us point out in conclusion that the voltage range typical of 
a switch operating in the series network is narrower than for an iso- 
lated switch. Indeed, the cutoff voltage in an isolated switch is 
V, = E, (see point A in Fig. 8.3b), whereas for a switch operating 
in the series network (72 in Fig. 8.6), V. = V*. This large difference 
is due to the fact that the collector of the off transistor is connected 
to the base of the next, on transistor. 


8.3.5. Load capacity of aswitch. Switching circuits typically com- 
prise a combination of series- and parallel-connected switches; na- 
mely, in a series network each transistor can control not one but a 
few parallel-connected switches. Thus, as shown in Fig. 8.6 by dash 
lines, the transistor 72 can control not only the switch 73 but at 
the same time the switch 74; in the general case, 72 can ensure con- 
trol over a number of switches. 

The load capacity of a switch is its ability to control the operation 
of a number of parallel-connected switches. Denote this number by n. 

Suppose the total turn-on current of Eq. (8.8) is equally divided 
among 7 bases. Then, in each of the parallel-connected switches 


‘ = ihe E,—V*- 
Ch n R2 





The current /}, must satisfy the saturation condition (8.4), where 
the collector current J, 5,; is defined by (8.9) as before. From the 
condition (8.4) we can readily determine the principal limit on the 
load capacity: 


nx" B (8.122) 


In reality, the limit must be more rigid because it is necessary to 
ensure not just saturation, that is, the condition S > 1, but a defi- 
nite minimum degree of saturation, Sin. Then, considering (8.5), 
the inequality for the load capacity limit will take the form 


B E.—V* 
nS saia SE 


(8.126) 
Assuming E,=3V, B= 100, and Spin = 4, we have n<. 18. 
Setting the value of S,,;,, we should consider, in particular, the spread 
in base currents due to nonidentical input J-V curves (see Subsec. 
8.3.3). 


18-0128 
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8.4. Transients in a Simple Bipolar 
Switch 


Transients occur because of a steep-like changes in the input signal. 
Fig. 8.8 shows the time relationships for currents and voltages in 
a transistor switch. 

The output pulses i, and v, are seen to be shifted with respect to 
the step input e,; the leading edge (front) and the trailing edge (tail) 
of the output pulses have finite durations. It is thus usual to diffe- 
rentiate between the delay time t, for the leading edge and the delay 





Fig. 8.8. Transients in a bipolar switch Fig. 8.9. The circuit model for 
a switch at an instant of lea- 
ding edge delay 


time, or storage time t,, for the trailing edge, and also the rise time 
t, for the front and the fall time t; for the tail. The relation between 
the increments of the collector voltage and the increments of the 
collector current has the form 


v, = —i,R, 


8.4.1. Turn-on delay. This first stage of the transient results 
from charging of the input capacitance of the off transistor (Fig. 8.9). 
The charge begins to build up as the control voltage changes stepwise 
from EF, to Ej. The process of charging is given by 


Vp (t) = Et (1 —e7 /*e) — Ege ‘/*e 


where t, = C;,Ry is the time constant of charging. 

As the voltage V, grows and becomes equal to V*, the emitter 
junction of the transistor starts conducting, so the stage of charging 
terminates. We thus can find the delay time ¢, by setting v, (¢) = 
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= V*; its expression has the form 


EX+E; 


ta= te IN Spe 


(8.13) 


Assuming £; = 0 according to (8.7a) and E} = 3V, we get ty = 
~ 0.257... 

The input capacitance is usually taken equal to the sum of the 
barrier capacitances of the emitter and collector junctions: 


Cn =Ce+C-. (8.14) 


Setting C;, = 2 pF and R, = 2 kQ, wefind t, = 4 ns. For the above 
values of EF; and Ej, we have tg ~ 1 ns. 


8.4.2. Front forming. A rise in the collector current and fall in 
the collector voltage at the second stage of the transient takes place 
at the base drive current /{ given by Eq. (8.3a). In the analysis, 
therefore, we should use the equivalent time constant of Eq. (4.67). 
Write this expression in the form 


Te = t+ (B+ 1)C.Re (8.15) 


The lifetime can be taken to equal 100 ns in the absence of gold 
as a dopant, and 10 ns if gold is present. The time constant of col- 
lector capacitance averages 100 ns at typical values of C, = 0.5 pF, 
B = 100, and R, = 2kQ. This time constant is thus always rather 
large and plays a decisive part in transistors doped with gold. In 
the examples that follow we assume that the average value of to. 
is 150 ns. 

Substituting the quantity B(s) from (4.58) into the relation 
I, = Bl», setting J, = Jf, tg = Toe, and passing to the original 
function we obtain 

i, (t) = BI¢ (1—e7‘/*0e) (8.46) 

The asymptotic value of current at ¢ going into infinity is I, (00) = 
= Bij (see Fig. 8.8). But this value cannot be reached because at 
the moment ¢, the current assumes the value J, ,g:, corresponding 
to the saturation region, and so the initial relation J, = BJ, is no 
longer valid. The rise time is easy to find from (8.16) substituting 
be (t) = Te sat! 

ty = Toe In BIi/(BIE — Ie sat) (8.17) 


Let us assume B = 100. If J} = 0.1 I, oa4, then ¢, = 0.1 t,,, and 
if J§ =T, saz, then ¢, = 0.01 T,,. Setting t,. = 150 ns, we get 
t, ~ 15 ns for the first case and t, = 4.5 ns for the second. 

From Eq. (8.17) it follows that as the turn-on current Ij grows, the 
rise rime decreases. 


gx 
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8.4.3. Charge accumulation. With the transistor driven into sa- 
turation, any noticeable external changes in the switch circuit do 
not occur. But the charge continues to grow not only in the base but 
also in the collector layer (see Fig. 4.9). 

At the beginning of this stage, when the transistor operates at the 
edge of the active region, the charge is defined by Eq. (4.40b). Sub- 
stituting J, = TI, 59; + J} and considering (4.46), we can write 
the boundary charge in the form 


Qoa = (Lc sat + 1b) ter (8.18) 


At the end of this stage, the stationary charge is determined by 
Eq. (4.12). Substituting J, = J}, we get 


Qt = T5t (8.19) 


where t is the mean lifetime of carriers in the base and collector 
layers. 

The relation between charges Q,4 and Qt depends on the relation 
between currents J, ,,; and Jt, that is, on the degree of saturation. 
In most switches, the currents J, ,,, and Jj are comparable in magni- 


tude, whereas the parameters ¢;, and t are sharply different; t,,< Tt. 
In practice, therefore, Q,4 is typically much smaller than Q*. 

Since the currents do not change at this stage, the charge grows 
only because of the thermal generation of carriers, and hence the 
rate of charge accumulation is a function of the lifetime. The pro- 
cess of charge buildup is exponential in character, the corresponding 
expression being 

Q (t) = Q (0) e- /* +. Q (co) (1—e-"/*) (8.20) 
where Q (0) and Q (oo) are the initial and the steady-state values of 
charge respectively. 

Considering the inequality Q,4< Q*, we may neglect the charge 
Q (0) in Eq. (8.20). Further, we may assume that the process of charge 
accumulation comes to an end at the 95% level of Q (co). From 
Eq. (8.20) we then find the charge accumulation time 

a tac = 3t (8.21) 
If t = 30 ns, t,, ~ 90 ns. 

In order for the charge accumulation to have time to come to 
completion, the length ¢+ of the turn-on pulse (see Fig. 8.8) should be 
larger than the accumulation time ¢,,. Otherwise, at the moment of 
reverse switching the stored charge will be smaller than the steady 
value Q (co); namely, if we neglect the charge Q (0), as done before, 
then at the moment ¢* the charge will be equal to 


Q (t*) ~ Itt (4 —e-**/*) (8.22) 
In the case of short pulses, this charge can be equal to fractions of 


Q (00). 
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8.4.4. Turn-off delay. The charge stored in the layers and junctions 
of a transistor cannot change instantly, and so the voltages at the emit- 
ter and collector junctions cannot change instantly too. So at the 
moment of switching the voltage E, from Ej to Ej (to zero, in parti- 
cular), both pn junctions are under forward bias, close to V*, and 
the collector current remains equal to J, 5,;. The base current. howe- 
ver, takes on the value 


I; = (Ej — V*)/R, (8.23) 


If the switch operates in a series network, the cutoff condition 
ensues as the preceding switch comes to saturation. The cutoff 
current /; can then be found from the equivalent circuit of Fig. 8.10. 
In this circuit, the preceding saturated 
transistor is represented by the resistan- 
ce r,, and voltage V,, (cf. Fig. 8.7a); as 
for the transistor going to cutoff, the base 
resistance r, is shown separately. Disre- 
garding in a first approximation the cur- 
rent /{, voltage V.,, and resistance r,,, 
we find the initial value of cutoff current 


Iz = —V*lry (8.24) 


If we set r, = 100 2, then J5 ~ —7mA; 
this current can be a few times the turn- 
on current Jt, particularly if the switch Fig. 8.10. The circuit model 
handles currents in the microampere ran- of ae niga pariny 
ge. If we include the quantities disre- preceding switch in satu- 
garded above, the current J; will be a_ ration 

little smaller. 

A jump of base current from J} to Jj leads to a smooth decrease, 
or what is called dissipation of the charge from Q* to Q,, values given 
by (8.19) and (8.18). 

The charge dissipation takes place under the same conditions as 
charge accumulation, namely, at invariable external currents. The 
rate of charge dissipation is therefore determined by the same time 


constant t, and the charge dissipation equation coincides with charge 
accumulation equation (8.20). However, the initial and steady-state 
values of charge will be different. 

The initial charge at the stage of its dissipation will be equal to 
the finite charge at the stage of accumulation. At a sufficiently long 
turn-on pulse, this charge is described by Eq. (8.19), for which rea- 
son we assume 





Q (0) = Itt (8.254) 
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The steady-state (asymptotic) charge is determined as usual by the 
base current, by the cutoff current J; in the given case: 


Q (co) = Mgt (8.25b) 


Since J; <0, the quantity Q (co) becomes negative. This means 
that for the case under study this quantity should be regarded not 
as a real charge but only as its asymptotic value. 

At the end of charge dissipation, the concentration of excess car- 
riers at the collector-base boundary drops to zero, which restores the 
reverse bias at the collector junction. It is only after this moment 
that the collector current can begin to decay and the trailing edge 
to shape up. 

The trailing edge delay time, or the storage time t, is the time inter- 
val during which the charge decreases from its initial value Q (0) 
to its residual value Q,,., corresponding to the beginning of reverse 
biasing of the collector junction!. 

The residual charge is generally much smaller than the boundary 
charge given by Eq. (8.18), and the latter, in turn, is much smaller 
than the charge stored up in the saturation condition (see p. 277). 
As a first approximation, therefore, we can ignore the residual charge 
and determine the storage time from (8.20) setting Q (¢) = 0. 

Then, taking into account Eq. (8.25), we have 


= bis 
t.=tIn (4+ 777) (8.26) 


where | J; | is the absolute value of cutoff current. Thus, if the ratio 
between the currents ranges from 0.2 to 5.0, the storage time is 


0.27 to 1.6t, or 6 to 50 ns at t = 30 ns. 

From Eq. (8.26) it is clear that the storage time (tail delay time) 
shortens with decreased turn-on current Ij and increased cutoff current 
Iz. Since a small value of current Jj leads to an increase in the rise 
time of Eq. (8.17), it is primarily desirable to raise the cutoff cur- 
rent Jj. This approach finds wide use in designing transistor swit- 
ches. 

In the preceding analysis we have implied without reservation 
that the cutoff current J; is rather small as against the saturation 
current J, 544. Only this assumption allows us to suppose that during 
charge dissipation the distribution curves of Fig. 4.9 “return” to the 
initial boundary curves “in the same sequence” as during charge 
storage, but of course in the reverse direction. For a diffusion tran- 
sistor, the distribution curve shifts downward parallel to itself; in 


1 The term dissipation time adopted in Soviet literature for ¢, seems to be 
more adequate for the physical process associated with this quantity (I.P. Ste- 
panenko). 
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a drift transistor, the curve changes in shape, passing from the curve 
given in Fig. 4.9b to the curve of type J-4 as shown in Fig. 4.6. 

If the condition J, < J, 54; does not hold, as is practically the 
case, the distribution curves for charge dissipation differ in shape 
from the distribution curves during charge storage. As a result, the 
curve corresponding to the boundary charge changes in principle: it 
falls down to zero at the emitter-base boundary (see Figs. 4.7 and 
4.8) rather than at the collector-base boundary (see Figs. 4.5, 4.6). 
This means that the emitter junction becomes reverse biased earlier 
than the collector junction. For this condition the term inverse, or 
emitter, charge dissipation is adopted in contrast to the term normal, 
or collector, charge dissipation taking place when the reverse bias 
first sets in at the collector junction. 

It is easy to guess that with emitter dissipation the delay in tail 
forming will be longer than with collector dissipation. Analysis gives 
the following expression for the inverse storage time: 

1+IP/|I5I 
1—TI¢s/Br\I5| 
where B, is the inverse common-emitter current gain (see Sub- 
sec. 4.4.4). Assuming, By = 1 and Jj = | Je | = 21 ¢ saz, we get 
t,, ~ 1.47, w ereas in the case of normal charge dissipation ¢, ~ 
= 0.7. 


(8.27) 


tsr =tlIn 


8.4.5. Tail forming. After the stage of charge dissipation is com- 
pleted, the last stage of the transient commences to turn the transi- 
stor off. This stage is most difficult to analyze quantitatively because 
the residual charge is rather small and the shape of its distribution 
in the base is complex. 

Consider first the simplest case where the cutoff current J; is so 
small that at the beginning of switch-off the carrier distribution cor- 
responds to the normal active mode of operation (Fig. 8.41a). The 
initial charge Q (0) is then equal to the boundary charge Q,4 descri- 
bed by Eq. (8.18). A further decay of the charge proceeds with the 
same time constant as for the decay of collector current, that is, at 
Toe given by (8.15). The asymptotic value of the charge remains the 
same as it is at the stage of charge dissipation: Q (coo) = Q-. The 
quantity Q- is determined by Eq. (8.25). The formation of the trail- 
ing edge terminates when the collector current, along with the 
charge, becomes zero. 

Substituting Q (¢) = 0 in Eq. (8.20), replacing t by t,, in the ex- 
ponent, and using the above expressions for Q (0) and Q (co), we find 
the pulse fall time (trailing edge duration): 


ty = Toe in (1+ Tae. (8.28) 
ial 
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The initial conditions set up in deriving Eq. (8.28) are typical for 
rather small cutoff currents, much smaller than the saturation cur- 
rent. Such a situation rarely arises in practice. The cutoff current 
is more often comparable to or in excess of the saturation current. 

Figure 8.141b shows the curves of initial carrier distribution at a 
sufficiently large cutoff current, which is merely a few times smaller 
than the current J, ,,;. For comparison, Fig. 8.116 also illustrates 
in dash lines the distribution curves shown in Fig. 8.11a. As seen, 
the areas under the curves are noticeably smaller than when the switch 
operates in the active region. This supports the conclusion that the 
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Fig. 8.14. Carrier concentration distribution in the base during reverse biasing 
at small (a), moderate (b), and large (c) cutoff currents 
1—diffusion transistor; 2—drift transistor 


residual charge at the end of carrier dissipation is smaller than the 
boundary charge (see p. 278). The fall time will] then be shorter than 
if we calculate it with Eq. (8.28). But the main feature of the given 
case consists in a change of the structure of the trailing edge rather 
than in the above quantitative difference. 

The thing is that at a certain moment t, the carrier concentration 
at the emitter-base boundary also goes to zero. As this takes place, 
both the collector and emitter junctions operate under reverse bias. 
Formally, we should regard this region of transistor operation as a 
cutoff region. However, in distinction to the “traditional” cutoff 
condition, at which the excess charge in the base is zero and junction 
currents are negligible, in the case under consideration acertain resi- 
dual base charge is still present (corresponding to the hatched area). 
Thus despite the reverse bias on the junctions, they have quite finite 
values of current. This condition of transistor operation is known as 
dynamic cutoff. 

At dynamic cutoff, all the three currents of a transistor drop to 
zero with a cutoff time constant T,,,;, whose expression is given be- 
low. The time constant t,,,; is significantly smaller than t,,:which 
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determines the pulse tail forming process up to the moment ¢,. That. 
is why the end part of the pulse tail will be steeper than its initial 
portion. 

The cutoff time constant can be roughly estimated proceeding from 
the fact that the excess carriers in the middle portion of the base 
have to travel a distance 1/2w in order to leave the base through one 
of the junctions (see Fig. 8.11c). The corresponding time according 
to Eq. (4.46) will be one-fourth the transit time for carriers crossing 
the entire base. Therefore, using Eqs. (4.47a) and (4.66), we can write 
the expression for cutoff time constant in the form 


Tout = 0.25¢;, + CR. (8-29): 


The first term is of no consequence in most cases, and so the time: 
constant T,,; is primarily determined by the time constant of collec-. 
tor capacitance. For example, if t,;, = 0.2 ns, C, = 0.5 pF, and 
R,=1 kQ, then t.,; ~ C.R, = 0.5 ns. The fall time at a 10%. 
level of the initial current J,, is expressed by 


ty = 2.3tent (8.30a): 


At Toyz = 0.5 ns, we have t, ~ 1.1 ns. 

The preceding analysis dealt with the normal (collector) charge 
dissipation. In the case of emitter charge dissipation, the transient 
shows some distinguishing features. At the moment ¢ = 0, when 
the carrier concentration at the emitter-base boundary comes to an 
equilibrium, the concentration at the collector-base boundary does 
not yet exceed the equilibrium value (dash line ¢ = 0 in Fig. 8.14c). 
This means that the collector junction stays at the forward bias for 
a certain length of time, that is, the voltage across this junction re- 
mains invariable and equal to V*. 

At the same time the reverse voltage grows at the emitter junction, 
so the base potential becomes more and more negative. A negative 
increment in potential V, is fully passed to the collector through 
the forward-biased collector junction. A negative voltage surge and 
positive current surge then appear at the collector. These surges, 
shown by points in Fig. 8.8, go to zero when the carrier concentra- 
tion at the collector-base boundary drops to an equilibrium value. 
After this, the trailing edge begins to form with a time constant. 
Tout) aS mentioned above. 


8.4.6. Effect of load capacitance. If the switch operates into a 
capacitive load (the input of the next off-transistor, see Fig. 8.9),. 
then the leading and trailing edge times of a current pulse can differ 
substantially from those of a voltage pulse. For example, during: 
tail formation, the current decays as usual with a small time con- 
stant T.,;, whereas the voltage rises at a much greater time constant. 
CiR,, where C; is the load capacitance (see the dash curve in Fig. 8.8).. 
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If C, is much larger than C,, which is often the case, the current 
pulse trailing edge may practically be considered to be a vertical, 
but the voltage pulse trailing edge (see Fig. 8.8) has a finite length 


‘expressed as 
try & 2.3C1R, (8.305) 


Similar differences between the rise times of current and voltage 
‘take place in turning the switch on if the load capacitance exceeds 
the collector capacitance. The current pulse leading edge here may 
practically be regarded to rise vertically, but the voltage pulse lead- 
ing edge rises in accordance with Eq. (8.300). 


8.5. Schottky-Barrier Transistor Switch 


‘One of the basic problems involved in improving the transient respon- 
‘se of transistor switches is to shorten the storage time, that is, the 
time taken for dissipation of the excess charge. For this, as seen from 
(8.26), it is necessary to decrease the turning-on current J, that is, 
the degree of saturation, S. But this tends to lengthen the rise time 
as follows from (8.17). Besides, in practical cases, the degree of satu- 
ration must be in excess of a minimum value Spin (see Subsec. 8.3.5), 
otherwise the slightest decrease in the gain B or current J} can drive 
the transistor into the active mode of 
+£, operation, which entails an increase in 

the residual voltage on the switch. 

'A generally accepted method for preven- 
ting a transistor from going into saturati- 
on and, at the samte ime, escaping the 
above complications is to use nonlinear 
feedback in the switch. This method sug- 
gested by B. N. Kononov back in 1955 
consists in connecting a clamping diode 
bie. Stor seathak ant between the collector and base of the 

1g. ela. 1 1 ; . 
neniinese feedback (Schott raed (Fig. 8.12 ). . 
ky-barrier transistor) en the transistor is off or operates 

in the active region, the potential on 
the collector is positive with respect to the base. The diode 
is then reverse biased and does not affect the operation of the 
‘switch. If during formation of the leading edge the collector poten- 
tial with respect to the base traverses zero and becomes negative, tho 
diode switches on and remains at a forward voltage V4. If this vol- 
tage is lower than 0.5 V, which is typical of Schottky diodes (see 
Subsec. 3.4,1), the collector junction is practically cut off. This ex- 
-cludes collector injection and thus the excess charge storage specific 
to the saturation mode. So at switch-off, there will be no such a stage 
-as excess charge dissipation and turn-off delay. The considered com- 
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bination of a transistor and Schottky diode received the name 
Schottky barrier transistor. 

It is easy to see that saturation in the Schottky-barrier transistor 
does not occur because the diode forward voltage V% is lower than 
the forward voltage V* at the silicon pn junction. If the switch had 
a conventional diode (pn junction) in place of the Schottky diode, it 
would be necessary to decrease the forward voltage at the diode arti- 
ficially (by a circuit design approach), connecting the diode in series 
with an emf e = —0.2 or —3 V. That was'precisely the approach 
until the advent of Schottky diodes in the 1960s. 

The residual voltage on a Schottky-barrier switch is somewhat 
greater than that on a conventional transistor switch; namely, 


Vires = V* — V§ = 0.2 or 0.3V 


But this shortcoming is compensated for by a faster switching speed 
since the transistor works all the time in the active region. 

It should be pointed out that despite the elimination of saturation, 
the Schottky-barrier switch is little sensitive to changes in the gain 
B and turn-on current, since the residual voltage weakly depends on 
these quantities and hence the current /, retains its value as defined 
by Eq. (8.3b). 

The delay time ¢, and rise time ¢, are the same as in the saturated 
transistor. But the switch-off process takes another course. 

When the control current 7, assumes the value /;, the current J 4 
remains stable at the first moment, but the current /, changes by the 
same value as the current J;: 


Al, = AI, = 1; — 1, <0 


Since the transistor operates in the active region, the surge Al, 
causes the collector current to fall off with a time constant t,,. The 
increments AJ, then fully flow through the diode D and reduce its 
current J ,: 


ig (t)=Ia—B |AI,| (1—e7 /*0e) (8.34) 


where | A/, | is the absolute value of the base current increment. 
The current J, begins to decrease only when the diode switches off. 
Assuming that the left-hand side of (8.31) is equal to zero, we can 
readily find the storage time ¢,. 
If, besides, we assume 1/B< 1 — JI7/I{, which is commonly the 
case in practice, then, expanding the logarithm into a series, we get 


T 1 
ts TP 3:22) 


Thus, setting | Ij |/J7 =1, we have t¢, = t,,/2B. In modern tran- 
sistors this quantity rarely exceeds 0.5 ns. 
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8.6. Current Switch 


The current switch is a symmetric circuit (Fig. 8.13) in which the 
specified current J, passes through one of the branches depending 
on the voltage V, at the controlling input. The potential # at the 
other input is kept constant. 

So the first special feature of the current switch is that the control 
parameter here is voltage rather than current as is the case in the 
simplest switch. The second feature is that the on transistors operate 
in the nonsaturated (active) region, 
which offers a faster switching speed 
owing to the elimination of the storage 
time. 


8-6.1. Static operation. Let us first set 
V, = E. In this condition, both transi- 
stors are conducting and in both emit- 
ter currents are 0.5 J». The potential 
on the emitters is lower than the po- 
tential FE by a value V* : V, = E — V*. 

Decrease now the potential V, by a 
value 6> 0.41 V. Since the potential V, 
remains constant, the voltage Vz, , will 
drop by a value 6. The current in transi- 
stor 77 will then decrease by a factor of a few tens (see p. 89). So 
the input pulse V,< E — 6 will switch off the transistor 7, while 
the total current J, will flow through the transistor 72. We shall 
call the quantity 





Fig. 8.43. Current switch 


EU =E—65 (8.33a) 
the cutoff potential. 

If, on the contrary, we shall raise the potential V, by a value 6, 
the potential on the emitters will increase by the same amount and 
the voltage V,,. will drop accordingly; the current through the 
transistor 72 will then sharply decrease. So at the input pulse V, > 
>> E -- 6 the transistor T2 can be considered nonconducting, and 
the total current J, passes through the transistor TZ. We shall cal} 


the quantity 
EX} =E-+6 (8.33b) 
the turn-on potential. 

Thus, the variation of potential, AV, = +6 aboui the mean value 
of E ensures switching of the current I, from one transistor to the other. 
eu relations between the turn-on and cutoff potentials are as fol- 
ows: 

Ei — ER = 26 (8.34a) 


1/2 (Et + Es) = Ej (8.346) 
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Let us dwell on the switch-on condition. Assuming that the on 
transistor operates in the active region and considering that the 
emitter current has a specified value (J, = Jy), we obtain the rela- 
tions for the collector and base currents: 


I,=al, (8.35a) 
r= A—a)I, =/,/(B +1) (8.35b) 

The collector potential is expressed by 
V.=E,—al,R, (8.36) 


In order to ensure the active mode of operation, that is, to avoid satu- 
ration, it is necessary to fulfil the condition V,,>0 or V.> Vy». 
Substituting V, from Eq. (8.36) and V, = Ej gives 


E, —al,R.> Et (8.374) 


This limited inequality can practically be taken as an equality be- 
cause small negative values of V,, do not cause substantial injection 
at the collector junction and hence excess charge accumulation. 
The expression for the nonsaturated state will then take the form 


E,—al,R, = FESE+8 (8.370) 


The residual voltage on the transistor operated in the houndary 
condition (V., = 0) is equal to the voltage across the emitter jun- 


ction 


+£, 


Vres = V* (8.38) 


As clear from Eq. (8.36), the 
potential at the collector of the 
transistor does not depend on 
either the input pulse £7 or change 
in the gain B since variations 
in B do not practically change 
the value of a w1. At a sta- 
bilized supply voltage £,, the 
only parameter that affects V, 
is the resistance R,. 





8.6.2. Series connection of cur- 
rent switches. As in the case of 
simple switches, current swit- 
ches commonly work jointly 


signal arrives at a given switch from the collector 


Fig. 8.14. Network of current swit- 
ches 


in series networks. The input 


of the 


preceding switch and the output signal goes to the base of the 
next switch (Fig. 8.14). It can be readily shown that direct coupling 
of the switches in such networks is impossible. They have to be connec- 
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ted via additional matching circuits known as level-shifting circuits 
(de level shifters). 

The simplest method of level shifting is to insert an emf e between 
the neighbour switches as shown in Fig. 8.14. In this case, with a 
transistor TJ in the mth switch being in the off state, the base poten- 
tial of a transistor 77’ in the (nm + 1)th switch will be 


(Vi1)* = E, —e (8.39a) 
This value must exceed Ej} to make the transistor TZ’ be on. There 
is no difficulty in meeting the condition (V;)* > Ef. 
If, on the other hand, the transistor T/ in the nth switch is off, 
then the base potential of transistor TZ’ becomes 


(Vi1)- = E, — aR, — e (8.390) 


This value must be smaller than Ej to keep TJ’ in the off condition. 
Vy E 
imi T2 


fo) Ry Fig. 8.15. Current switch with a re- 
sistor forming a current source I, 


This condition places a certain limit on the emf e. Indeed, let us sub- 
stitute E, — al,R, from (8.37b) into (8.39b). We have 


(Vin) =E+6—e 


Substituting the found quantity (Vi.)- and E% from Eq. (8.34a) 
into the inequality (Vj;)"< £3, it is easy to determine the above 


mentioned limit: 
eS 26 (8.40). 


The practical method of level shifting, that is, realization of emf e, 
is discussed in Subsec. 10.2.3 (see Fig. 10.3). 

The current source J, can be accomplished by various methods 
(see Sec. 9.11). The simplest and historically first method uses the 
resistor R, (Fig. 8.15). If the transistor T2 is on, the current Io 
is determined by the relation. 


Io — V./Ro a (E os V*)/R, 


If the transistor 77 is on, the current J,, has a somewhat larger va- 


lue: 
¥ lon = V./Ro a (E% — V*)/Ry 


Substituting Eq. (8.37b), we readily find 
Io, = Ion + (6/Ro) 
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So, the current J, does not remain constant in switching, but chan- 
ges by 6/R,. To make this variation negligible, the following condi-. 
tion must hold 


8 E-V* > 
R < Ro or E—V*>56 





Thus, if 6 = 0.1 V, the voltage E must exceed 1.7 V. 


8.6.3. Transients. We assume that control signals go from the emf 
source having a zero internal resistance. Such an assumption is ge- 
nerally justifiable for practical circuits. 

Let the input of the circuit shown in Fig. 8.13 initially stay at the. 
cutoff voltage #; which switches the transistor TZ off. When a sig- 
nal equal to the turn-on voltage Ej arrives at the input, the first 
stage of the transient process will be charging of the input capacitan- 
ce as in the simplest switch. 

The analysis similar to that performed in Subsec. 8.4.1 gives the 
ex pression 

tg = 1. ln2 = 0.71, (8.41) 


where time constant t, =17r,C,,. Setting r, = 1002 and C;, = 
= 2 pF, we have ty, ~ 0.15 ns. If we take into account the finite 
internal resistance of the signal source, the delay time will be longer 
accordingly. Eq. (8.41) is valid for any signals symmetric about the 
potential £. 

After biasing the transistor TJ to the on state, an invariable cur- 
rent J, passes through its emitter junction, while the base potential 
remains a constant value Ef. These conditions mean that as a matter 
of fact the transistor is connected in a common-base (CB) configuration, 
though externally it appears to be in the CE configuration. 

At the first moment when the collector current is still zero, the 
whole emitter current J, flows through the base: J, (0) = J). The 
value of J, (0) can be by far greater than the steady-state value. 
I,. As the collector current rises, the base current decreases. 

As known, the collector current in the CB circuit changes with 
an equivalent time constant of Eq. (4.66): 


Tawoe = Ta + CR (8.42) 


Because transistors in current switches operate in the active region, 
the leading and trailing edges change exponentially. The rise time 
and the fall time at the 10% to 90% level of AI,, where AI, = al. 
are the same: 


t, = ty = 2.2 taoe (8.43) 


Expression (8.42) implies that it is desirable that the second term 
C .R, can be made close to or smaller than the first term. It is thus: 
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expedient to choose the resistance R, relying on the condition 
Re<KtglC, (8.44) 


For example, if t, = 0.2 ns and C, = 0.5 pF, then R,< 0.4 kQ. 
The accumulation and dissipation of carriers in the nonsaturated 
switch do not take place and hence turn-off delay is zero. 


8.7. MOS Transistor Switches 


As in the case of bipolar transistor switches, the static parameters 
of MOS transistor switches include a residual current (in the off 
-condition) and residual voltage (in the on condition). There are three 
types of MOS transistor switches: MOS switches with a resistive load, 
_MOS switches with a dynamic (transistor) load, and complementary 
(CMOS) switches. The latter use complementary MOSFETs, one of 
which is p-channel and the other n-channel. Consider in turn the 
-Static parameters of the above types of switches. 


8.7.1. Resisitive-load switch. The circuit of such a switch using 
.an n-channel transistor (NMOS switch) appears in Fig 3.16a'. The 


+& 


da 
Ry 7 {4 


@ |% 





(a) 


“Fig. 8.16. MOS transistor switch with resistive load 
(a) circuit; (b) operating points on output characteristic 


-switch is turned off by applying a gate voltage Hz << Vo, where V, 
is the threshold voltage (see Sec. 5.2). 

'n the off transistor, the residual current is the reverse current. 
through the drain pn junction because this junction operates under 
.a reverse bias, close to Ey. So the current J,,, is not more that 10~* 
to 10-1° A, provided the chip has a well polished surface without con- 
‘ducting paths (see Sec. 3.5). On the J-V characteristic, the point A 


1 Where the switch} uses a p-channel MOSFET (PMOS switch), all the vol- 
“tages in the subsequent analysislshould be regarded as absolute values of negative 
» quantities. 
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corresponds to the off condition of the switch (Fig. 8.16b). At the 
above values of residual current, we may neglect the voltage drop 
T,Rq and assume that the maximum voltage across the off switch 
is Vmax = Eq. 

A voltage EZ > Vy, applied to the gate turns the switch on. This 
voltage should be large enough to enable the operating point B in 
Fig. 8.16b to correspond to a minimum voltage possible. As with 
a bipolar switch, the operating current (saturation current) of this 
switch in the on condition is determined by the external elements 
of the circuit: 


Tg sat = (Ea — Vres/Ra © EqlRa (8.45) 


The operating point B of the on switch lies in the initial, quasili- 
near portion of the MOS transistor characteristic. Therefore, multi- 
plying the saturation current of Eq. (8.45) by the channel resistance 
of Eq. (5.17) gives the residual voltage. Setting Vz, = Ez, we ob- 
tain 


Vies = E,/|b (E3 = Vy) Ry) (8.46) 


where b is the specific transconductance given by Eq. (5.7). 

Where switches operate jointly in a series network, the turn-on 
signal EZ, comes from the preceding, off switch, in which case 
EG = Eq. 

If we set 6 = 0.1 mA/V’, V, = 2.5 V, Rg = 50kQ, and Ef = 
= E, = 7.5 V, then V,,, = 300 mV. This value of V,,, is compara- 
tively large and there are limited ways for its decrease in the given 
circuit because a growth both in Rg and in b leads to’an increased 
area occupied by the circuit, which is undesirable in semiconductor 
circuits. 

But it should be pointed out that there are no principal limita- 
tions on the quantity V,,, in MOS transistor switches: the residual 
voltage can be made as small as desired by raising the resistance Rg 
and voltage 3. This is one of the most important advantages of MOS 
transistor switches over bipolar counterparts in which V,,, is in 
principle limited by the voltage V,, given by Eq. (8.2). 


8.7.2. Dynamic-load switch. The circuit of such a switch using 
single-type transistors is shown in Fig. 8.147a. The dynamic load 
here is the transistor 72 with its gate connected to the drain, so that 
the transistor essentially plays the role of a resistor. In this switch 
network, the transistor 72 is called a load and TJ an active transistor. 

The J-V characteristic of the resistor 72 can be plotted relying on 
the following considerations. Since we have Vz. = Vas. when con- 
necting the gate to the drain, the inequality Vg. — Vo < Vas» is 
obviously valid. This inequality, according to (5.5), means that the 
transistor 72 acts in the flat portion of the curve. For this portion, 
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Eq. (5.8) is true. Substituting Vz, = Vas, into this equation, the 
expression for the J-V characteristic takes the form 


Tag = 1/2 by (Vasz — Vos)” (8.47) 


As clear, this J-V curve is parabolic, that is, nonlinear. 

In the off switch, with the voltage Ez < V, applied to the gate, 
the residual current is approximately the same as in a resistive-load 
switch (10-® to 10-19 A or below), and the maximum output voltage 
is close in value to the supply voltage: Vmax ~ Eg (see point A in 


+£y 





(a) 


Fig. 8.17. MOS transistor switch with dynamic load 
(a) circuit; (b) operating points on output characteristic 


Fig. 8.17b). The exact position of point A is at the intersection of the 
reverse characteristics for the drain pn junctions of the active and 
load transistors. 

At switch-on, when the voltage on the gate is Hj > Vo, the quies- 
cent point B lies in the quasilinear portion of the characteristic for 
the active transistor 77. The residual voltage at this point is small 
as usual. The supply voltage can thus be considered to be fully ap- 
plied to the load transistor 72. The saturation current of the switch 
is defined by Eq. (8.47) if Vas. is set equal to Ey: 


Ta eat = 1/2 by (Eg — Vo)? (8.48) 
Multiplying the current Jg5.: by the channel resistance of 


Eq. (5.17) and assuming V,, = Ej, we find the residual voltage in 
the form? 


by (Eg —Voo)? 
Vie= er (8.49) 


Because the condition E3< EF, is always met in practice, the follow- 
ing important conclusion can easily be made: in order that the resi- 
1 The threshold voltages are taken different for generality. In integrated 


circuits this difference is inevitable’ due to the difference in voltages between 
the sources and the common substrate. 
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dual voltage might be small, the condition b,< b, must be fulfilled 
in the dynamic-load switch; in other words, the transistors must be sub- 
stantially different. 

Let us recall that the specific transconductance 0 is primarily the 
function of transistor geometry, namely, the channel width-to- 
length ratio Z/L, as is clear from Eq. (5.7). Hence, the ratio Z/L 
must be the largest possible in an active transistor, and the lowest 
possible in a load transistor. In both cases the limitations stem from 
design and manufacturing factors. If we achieve the ratio b,/b, = 50 
to 100, which is quite practicable, then the 
residual voltage can lie in the range from 
30 to 100 mV. 


+E 


8.7.3. Complementary switch. The circuit 
of this switch is illustrated in Fig. 8.18. 
Let in the initial state the control voltage 
be E, = 0. Then 


Vigsi = 0, V gs9 = —Ea 


Hence, assuming Ey > | Vo, |, the n-chan- 
nel transistor 7/7 is off and the p-channel 
transistor 72 is on. Fig. 8.18. Complementa- 
The current in the common circuit is de- 'Y MOS transistor switch 
termined by the off transistor 77, and is 
equal to J,.5;. As in the above switches, the on transistor T2 
operates in the quasilinear region of the characteristic, 
where the channel resistance is described by Eq. (5.17). Multiplying 
the residual current of the first transistor by the channel resistance 
of the second and setting V,, = Eq, we find the voltage in the on 
transistor 72: 





ae ee | . 
Vasel = Fey [Veal (3:90) 
If we set J,,.,, = 10-° A, b, = 0.1 mA/V?’, and Ey — | Von | = 
= SV, then | Vago | = 2nV. 
Let now the control voltage go positive and take on a value EZ = 
= Fy, in which case 


Vou = Ea >Vorr Vase = 0 


Now the n-channel transistor TJ is biased to conduct and the p- 
channel transistor 72 is driven into cutoff. So the current in the com- 
mon circuit remains at a level of J,.,, though the transistors have ex- 
changed the operating conditions. 

The most important feature of CMOS switches, as follows from the 
above description, is that they do not practically consume power in 
both steady states. These two states can thus be called “off” and “on” 
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only conditionally with respect to one of the transistors, say, the 
n-channel transistor. 

But both steady states differ rather sharply in the level of output 
voltage; as was shown above, at a low level of ZZ, when T1 is off, 
the voltage V4, is negligible, and hence the output voltage is equal 
to the supply voltage: 

Vmax = Ey (8.514) 


At a high level of £3, when TJ is on, the same negligible value of 
voltage drops across this transistor. The quantity V4,, can be found 
from Eq. (8.50), replacing the indexes in the right side of the expres- 
sion. This is exactly the residual voltage across the switch: 


Vresi = Teso/lby (Eq = Vo1)) (8.516) 


The residual voltage can take the same extremely small values as 
given in the above example, a few units of a microvolt and below. 
Low residual voltages are the second important advantage of comple- 
mentary switches. 

If the supply voltage Ey, exceeds the sum of threshold voltages 
for both transistors, then we have an interval of control signals 

Vo < Eg < Ea — | Vou | 

within which both transistors are in the on condition. The current 
in the circuit will thus have a finite (and sometimes rather large) 
value, which can be calculated with the known formulas. CMOS 
switches, however, feature low supply voltages close in value to the 
sum of threshold voltages, so that a noticeable rise in current during 
switching does not generally occur. 


8.7.4. Transients. The transient of MOS transistor switches is 
largely determined by the recharge of capacitances which forma part of 
the complex load. The channel response defined by the time constant 
tg of Eq. (5.27) can be allowed for, if necessary, by adding tg to the 
time constant of capacitance recharge. 

Figure 8.19a illustrates the resistive-load switch using a transistor 
T1. The switch operates in a series circuit to drive a second similar 
switch. Fig. 8.196 gives the switch equivalent circuit which repre- 
sents all individual capacitances by one total capacitance Cg: 


Ca = Co +Ca sus + CoartCge+ KCga (8.52) 


The typical values of the total capacitance Cz lie between 1 and 
3 pF. It comprises the following components: the gate-to-channel 
capacitance C, which, in distinction to other capacitances, is inherent 
in the MOS transistor as regards its principle of action [see Eq. (5.7) 
where the gate-to-channel per-unit area capacitance determines the 
value of specific transconductance]; the drain-substrate capacitance 
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Ca sub (the barrier capacitance of the drain pn junction); the parasitic 
capacitance of wiring relative to the substrate, Cpa, (the capacitance 
of metallization in integrated circuits); and the capacitances Cg, 
and Cq resulting from metal gate overlap (see Figs. 5.11 and 7.27). 
The factor K originates from the Miller effect (see Sec. 9.5) and can 
range from a few units to 10 to 20 and above, in which case the role 
of Cgq often becomes predominant. 

Assume the transistor is initially on and a small residual voltage 
drops across it. The incoming cutoff signal Ez causes the current 





(a) (4) 


Fig. 8.19. Parasitic capacitances in a MOS transistor switch 
(a) capacitance components; (b) resultant capacitance 


in the transistor to decay to zero at a rate determined by a rather 
small time constant ts (practically instantaneously). After driving 
the transistor into cutoff, that is, after disconnecting the switch, Cy 
charges from the supply source Ey via Rg with a time constant 
te = RaCq (Fig. 8.202). 

The process of charging obeys the simplest exponential function 


va (t) = Ey (1—e7 /*e) 


The charging time, or the rise time for the voltage at 90% level of 
Ea is 
t, =2.3R Cy (8.53a) 
Assuming Rg = 50kQ and Cy = 3 pF, we get t, = 150 ns and 
t, ~ 350 ns. 
If we replace Ry in Eq. (8.53a) by Eg/Ig sa; according to Eq. (8.45), 
the expression for rise time will assume a more general form 


th = 2.3 (EgCa/Ta eat) (8.536) 
It is clear that the rise time is primarily the function of the desired 
value of operating current. 


The process of turning the switch off and forming the voltage- 
pulse trailing edge proceeds in a more complex way. After applying 
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a turn-on signal EZ, the current Jz reaches the value 


14 (0) = 1/2 b (Et — V,)? (8.54) 


with a time constant tgs (Fig. 8.20b), or practically instantaneosly. 
This current causes the capacitance Cg to discharge. In the process 
of discharging, the drain voltage V4 drops off. So long as this voltage 
keeps larger than the saturation voltage Vg uz: equal to Ez — Vo, 
the transistor operates in the flat region of the characteristic, and 
the current remains at a level of Ig (0), as shown in Fig. 8.20c. 

As V, drops below the saturation voltage, Iz begins to decay, ap- 
proaching Ig (co) = Ig saz. At this stage of the transient, it would 





Fig. 8.20. An example of calculation of transients in a MOS transistor switch 


(a) equivalent circuit for switch in cutoff; (b) equivalent circuit for switch in on condition; 
(c) output characteristics showing the process of biasing into conduction 


be necessary to allow for the nonlinear dependence J, (Vg). But 
since this leads to mathematical difficulties, we shall resort to two 
simplest approximations, one of which understates and the other 
overstates the fall time. 

In both cases we shall disregard Jp, through the load resistor, be- 
cause over a greater length of the transient this current is small in 
comparison with I, (see Fig. 8.20c). 

As a first approximation, set Ig = I, (0) = constant. The capa- 
citance then discharges at an invariable current as shown by a dash 
line 7 in Fig. 8.20c. Dividing the initial charge Q = E,Cq by the 
discharge current J, (0) gives 


ty = Ella (0} 


4 


Asa second approximation, set yg = V4/Ry,, where Ra, = Eq/Tq (0) 
is the average resistance during discharging (see dash line 2 in 
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Fig. 8.20c). In this case, discharging proceeds in a usual exponential 
manner: 

Vg (t) = Eye-t/* 
where t = C,R,,. Assuming the discharge comes to an end at a 
10% level of Eq yields 


ty = 2.30 = 2.3 ([E4Cq/Tq(0)I 


For calculations, we can accept an intermediate of the above two 
values: 
ty = 1.5 [EaCg/Iq (0)] (8.55) 


where the current J, (0) is defined by Eq. (8.54). Thus, assuming 
Ej, = E,=7.5 V, Vy =2.5V, b =0.1 mA/V?, and Ca =3 pF, 
we find ‘that Iq (0) = = 1.25 mA and ¢t; ~ 25 ns. 

As seen, the positive-pulse trailing edge is significantly shorter than 
the leading edge. In general, this conclusion follows from the structure 
of Eqs. (8.530) and (8. 59), which mainly differ in the valués of cur- 
rent. From Fig. 8.20c it is evident that Ig (0)>> Ig saz, and hence 
t; is inevitably much smaller 
than f,. 

The switching speed of the gi- 
ven type of circuits is thus de- 
fined by the length of the leading 
edge. To shorten the time t,, we 
need to decrease Ry, but this tends 
to raise the residual voltage on 
the switch as follows from Kq. 
(8.46). Consequently, there are 
limited possibilities for increas- 
ing the speed of response. 

The general form of transients 
in the discussed switch circuit 
appears in Fig. 8.21. 

Inthe dynamic-load switch shown 
in Fig. 8.17a, the trailing edge 
forms in the same way as in resistive-load switch, the fall time t, 
being given by Eq. (8.55). This coincidence stems from the fact that 
in deriving (8.55) we have disregarded the load current Ip and hence 
the specifics of loading. The current J, (0) entering into Eq. (8.55) 
is here the initial current of the active transistor. By analogy to 
Eq. (8.54), we write 


Tz (0) = 1/2 b, (EX — Voy) (8.56) 
As for the leading edge of the pulse, this builds up during charging 


of C4 via a nonlinear dynamic load. Considering the parabolic cha- 
racter of the J-V curve described by Eq. (8.47), we can expect the 





Fig. 8.21. Transients in a MOS tran- 
sistor switch 
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capacitance to charge slower than would be the case with a resistive 
load, so that t, will be greater. To obviate the need for complex mathe- 
matic calculations, we replace the parabolic J-V curve by the linear 
curve with a resistance E4/(1/2 Ig sq1). Instead of Eq. (8.530), we 
now have 


t, = 2.3 E,C 4/(1/2 Iq sat) (8.57) 


where J saz is the saturation current of Eq. (8.48). 

Note that in the given switch the load capacitance of Eq. (8.52) 
should additionally contain C,,.; for integrated circuits, Cy should 
also include Cy, su5_ because the substrate is common to both tran- 
sistors. 

Since ¢, has grown here in comparison with that in a resistive-load 
switch, while the time t; has remained the same, we are in a position 
to conclude that in switches with a dynamic load, the switching speed 
is defined by the rise time as it is in switches with a resistive load. 

Using Eqs. (8.47) and (8.56), it can be readily shown that the ratio 
t,/t; is primarily the function of 6,/b,. An attempt to reduce b,/b, 
and thus to level off the leading and trailing edges of pulses leads to 
an increase in the residual voltage given by Eq. (8.49). For this rea- 
son a greater switching speed requires an increase in the specific 
transconductance of both transistors, but this, as known, entails 
an increase in their area. In integrated circuits, this approach natu- 
rally has its limits. 

In a complementary switch, the specifics of transients lie in that 
the charging and discharging of load capacitance C; occur approzi- 
mately under the same conditions because of the symmetry of the cir- 
cuit with respect to cutoff and turn-on input signals (see Sub- 
sec. 8.7.3). 

The capacitance charges via the on transistor 72, with TZ switched 
off (see Fig. 8.18), and discharges via the on transistor 77 with T2 
off. In both cases, the on transistor first operates in the flat por- 
tion of the J-V curves at a rather large current J, (0) and then, as 
the capacitance charges or discharges, the drain voltage drops below 
Va sat and the current starts falling. So the mechanisms of charging 
and discharging are the same as those we have discussed in analyzing 
the discharge process in the switch with a resistive load (see 
Fig. 8.20b and c). 

Consequently, the rise time and fall time depend on the same vol- 
tages as given in Eq. (8.55): 


= EqCa aa 3EqGCa 

be Ta 0) Bg Ba | Vos VE (8.582) 
a oe 

aac Ta, (0) by (Ea—Vo3)? (8.58b) 


8.8. Noise Immunity of Switches 297 


The indexes 1 and 2 in Eqs. (8.58) have to stress the fact that the 
parameters of n- and p-channel transistors are different. But this 
difference is of secondary significance. The rise time and fall time are 
practically equal. 

If, as done above, we set V, = 2.5 V, b = 0.1 mA/V?, Cy = 3 pF,. 
and Ey = 7.5 V, then t, = t; ~ 25 ns. 

Comparing the found values with those given above, we see that 
the speed of a complementary switch is almost ten times that for 
the other two types. The same holds at a decreased supply voltage. 

For all] the three types of switch the main way of raising the switch- 
ing speed is to reduce the total capacitance Cz. At a given capacitance, 
the switching speed rises with currents, in particular, with supply 
voltages. 


8.8. Noise Immunity of Switches 


Apart from valid (control) signals, spurious or unwanted signals al-- 
ways have an effect on the performance of switches. These parasitic 
or random signals result from external electromagnetic interferences- 
(stray pickups) or from internal processes, such as coupling via a com- 
mon supply source. The useful signals, therefore, must exceed the 
noise level, and a switch must be as insensitive to small parasitics. 
as possible; in other words, the switch must not respond to unde- 
sired signals as readily as it does to useful signals. 

A measure of insensitivity of a switch (or any other circuit) to. 
noise is known as noise immunity. 

It is customary to measure noise immunity in terms of the abso- 
lute value of a signal, commonly in volts, which does not yet cause 
false switching of the device to the on or off condition. The extent 
of immunity to positive and negative signals can differ substantial- 
ly. The analysis of noise immunity presupposes that a switch opera- 
tes in a series network. 

Series-connected switches must function as a whole; a change in 
the state of the first switch must cause the changes in the states of 
the other switches, including the last switch. For this, the input sig- 
nal must exceed the sensitivity threshold, otherwise the signals in the 
circuit would “decay” and the switches remote from the first would 
fail to change states. On the contrary, a noise signal must be below 
the sensitivity threshold. 

To estimate the sensitivity threshold, consider first the general 
method for determining the operating points in the series network 
of switches. The statement of the problem is as follows: given the 
operating point of the mth switch, we have to find the operating point 
of the (n + 1)th switch using the transfer characteristic. There are: 
three approaches to solving this problem (Fig. 8.22). The consecutive: 
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arguments rely on the obvious relation 
Voutn = Vinint1) (8.59) 


‘where 7 is the switch number in the network. 
Figure 8.22a displays the direct method that gives the answer to 
‘the problem. Assume we know the position of point n. Projecting 


Vin 1; ‘4 out2 


‘Fig. 8.22. Methods of determining 
-operating points for the series net- 
work of switches 


(a) direct method; (b) bisector method; 
‘{c) load-line method 





this point onto the y-axis (arrow 7) 
gives the value of Voyin- Lay- 
ing off this value on the z-axis 
(arrow 2), we obtain Vini +1, accord- 
ing to Eq. (8.59). Last, drawing 
the vertical from this abscissa (ar- 
row 3), wefind the operating point 
(n+ 1). We can repeat the pro- 
cedure to find any other operat- 
ing point. 

The second method illustrated 
in Fig. 8.22b is more convenient 
and illustrative, and uses a bisect- 
or drawn from the origin of coor- 
dinates. The bisector is a geome- 
tric place of points characteristic of 
the equality Vou; = Vin. So, pro- 
jecting the point n on the bisector 
(arrow /) gives the point n’ whose 
abscissa is Vinin+y,. Erecting now 
a perpendicular (arrow 2) from 
point n’ until it intersects the trans- 
fer curve gives the point (n + 1). 
We shall use precisely this method 
in the further discusison. 

The third method shown in Fig. 
8.22c is similar to the load line 
approach (see footnote on p. 267). 
The transfer characteristic of the 
next switch, 2, is here a mirror 
image of the original curve, swung 
90° to the curve of the preceding 
switch, J. The point 7 on the curve I 
is projected along the horizontal 
onto the curve 2 (arrow J) to give 
the operating point (n + 1). Next 
the point (7 +1) is projected 
along the vertical onto the curve 


I (arrow 2) to give the point (n + 2). The procedure is then 
repeated to find other points. 
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Suppose that in the series circuit of Fig. 8.6 the switch 77 is off, 
that is, the voltage at its output is close to the supply voltage (point 


A in Fig. 8.1). The switch 72 is then on 
and its output has a residual voltage ap- 
proaching zero (point B in Fig. 8.4). 
Accordingly, the switch 73 is off, T4 is 
on, and so forth. The output voltages of 
switches in the initial state are shown 
in Fig. 8.23a. 

Apply now a signal V;,, to the input 
of switch 77 (Fig. 8.24a). The operating 
point of the switch will shift from the 
position A into a position 7. Project the 
point Z on the bisector and draw the 
vertical from point 7’ as far as the tran- 
sfer curve to obtain the operating point 
2 for the switch 72. Project now the 
point 2 on the bisector and draw the verti- 
cal from the 2’ until it intersects the 
transfer curve to give the operating 
point 3 for 73. Performing the procedure 
as before, we see that the operating 
points of odd switches, starting from 75, 
coincide with the point B (the on state), 
and the operating points of even swit- 
ches, starting from 74, coincide with the 
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Fig. 8.23. Output voltages 
of switches connected in 
series 

(a) initial condition; (b) when in- 
put signal is above threshold le- 
vel; (c) when input signal is be- 
low threshold level 


point A (the off state). In other words, the pulse V;,, is sufficient 
to control the circuit because this pulse causes all the switches 
(excepting a few first switches) to change states (see Fig. 8.23b). 





ig. 8.24. Calculating the state of a switch in the circuit when applying a trig- 
yer input above (a) and below (b) sensitivity threshold 


Consider now the case where a smaller control signal V;,. arives 
at the input of the circuit being in the same initial state (Fig. 8.240). 
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Carrying out the same procedure as described above, we obtain thw 
operating points 7, 2, 3, and others, and find that the given signal 
is not large enough to effect control of the circuit because it changes 
the states of a few first switches (and merely partially), while the 
states of the rest of the switches remain the same (see Fig. 8.23c). 

It is easy to see that the criterion of the sufficient signal value is 
Vin > Vc. Therefore, the voltage Vc corresponding to the point of 
intersection of the bisector with the transfer characteristic is called 
the sensitivity threshold. 

At first glance, the sensitivity threshold directly determines the 
degree of noise immunity of the switching circuit; namely, if a posi- 
tive noise pulse meets the condition Vi}, < Vc, and a negative noise 
pulse the condition V;, < (E — Ve), 
the circuit state will not change, ex- 
cept for the states of a few first swit- 
ches (Fig. 8.25). In reality the above 
conditions are necessary but not suf- 
ficient. 

The conditions sufficient to afford 
noise immunity (for reasons explain- 
ed below) are: 


Vin < Vos V in E— Vz 


Here V, and V, are the abscissas for 
points a and b for which the modulus 
of the derivative dV,,,,/dV;, is equal 
Fig. 8.25. Estimating the deg. to unity. This derivative is nothing 
ree of noise immunity of a_ else than the differential voltage gain of 
switch a switch. If Vi3,< V,, the voltage gain 
K<i1, that is, the input signal does 
not increase as it passes through the network, but decreases, and so 
there is no danger of false switching. But if V}, > V,, then K > 1 
and the “top” of the pulse Vi, — V, is subject to amplification. 
Where feedback is present, this condition may become the cause of 
false switching even if the input signal Vj, is smaller than the sen- 
sitivity threshold. The same is true for negative noise signals. 
Proceeding from the above reasoning, the extent of noise immunity 
of a switch can be estimated by the quantities 


VES Vy (8.60a) 
V;, = — (E — V,) (8.606) 
Both of these quantities are shown in Fig. 8.25. 





1 It is eXpedient to count off a negative noise pulse from the operating 
oint of the on switch (point B in Fig. 8.1) since this pulse aids in biasing the 
ormerly on switch into cutoff. This means that we have to compare V, with 

E — Vc rather than with Vo. 
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8.9. Bistable Units and Flip-Flops 


The simple switches discussed in the preceding sections form the 
basis of the entire digital circuit engineering. They find extensive 
uses as independent units (current choppers and various kinds of 
multiplexers) and also as components of various functional blocks, 
first of all, with binaries (bistable circuits). What distinguishes bi- 
stable units is that they use not only direct coupling between swit- 
ches (as in a series network) but also positive feedback paths. 


8.9.1. Circuit and the principle of action. In the series network of 
switches shown in Fig. 8.6, every switch has its neighbors biased 
to the opposite state. So, in any pair of the adjacent switches (7, 


+L 





Fig. 8.26. Elements forming a bistable Fig. 8.27. A bistable unit 

unit 
and 7,4, in Fig. 8.26), the output voltage of 7,4, is the same as 
the input voltage of 7,. Therefore, if we isolate these two switches 
from the preceding and consecutive switches and connect the output 
of the (n + 1)th switch to the input of the nth switch (see the dash 
line in Fig. 8.26), the pair in question will not change state. This 
stable state can be of two variants: 7, is on and 7,+, is off or, on 
the contrary: 7, is off and 7,+, is on. This type of electronic circuit 
having two stable states is called a bistable unit or flip-flop’. 

If we digress for a while from the “origin” of a bistable unit and 
represent it as an independent circuit (Fig. 8.27), we can see that 
this circuit features symmetric structure and crossed feedback paths. 
What characterizes the stable states of a bistable unit is that one of 
its switches is off and the other is on and biased into saturation. In 
other words, a bistable unit is noted for electric asymmetry. Let us 
show that electric symmetry for a bistable unit is impossible. 

We shall construct the proof by contradiction. Assume the bistable 
circuit is in the symmetric state, so that both transistors (see 

1 Strictly speaking, the terms bistable unit and flip-flop are not synonym- 


ous. A bistable unit only forms the basis of any flip-flop which differs in the 
methods of control of a bistable unit (see below). 
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Fig. 8.27) are on and operated at the edge of the active region. 
The voltages on both collectors and both bases are equal and approach 
V*; the collector current is proportional to the base current 


IL=BlIy 


Assume now that as a result of inevitable fluctuations (either in 
ternal or external), the voltage on one of the bases, for example, 
on the base of TZ has changed by a small value AV;,. The currents 
will then change in the following manner: 


Aly, = AVy,/Riny Ale, = BAI» 


Here R;, is the input resistance of the on transistor. A fraction of 
increment AJ,, will branch off to go into the base circuit of 72. 
Then, 

Aloe => —mAI 4, Al og a BAI». 


where m < 1. In a similar way, a fraction of increment AJ,, wil? 
branch off into the base circuit of 77 to become an additional incre- 
ment of its base current: 


Ali, = —MAI .. = m?B? Aly, 


At typical values of m of about 0.5, the added increment Aljy 
that has appeared in passing around the circuit will be much higher 
than the initial increment AJ,,. The next increment AJ; will 
become as many times high as AJ;;, and so on. Hence, the response 
of the circuit to the smallest initial fluctuation will result in its ampli- 
fication. 

The avalanche-like current rise in one half of the bistable circuit 
and the corresponding current reduction in its other half is known as 
regeneration. The process of regeneration comes to an end after driv- 
ing one of the switches into cutoff and the other into saturation. In 
the example under discussion, a positive fluctuation AV,, switches 
the transistor 72 off, and a negative fluctuation renders TI conduc- 
tive. 

Since the polarity of fluctuation is a random value, the results of 
the avalanche process (switch-off of 72 or T1) are equiprobable. So, 
in the analysis of a bistable circuit, we can regard any of the two sta- 
ble states as the initial state. 

The aim of triggering a flip-flop is to set the circuit in either of 
the two stable states by applying appropriate external signals, or 
reset the circuit from the given stable state to the opposite state. 
There are two methods of triggering a flip-flop circuit: asymmetrical 





1 The off condition for both transistors is impossible. Should this be tho 
case, the collector potentials would be equal to +£, and thus would exceed 
the voltage V*. The saturated condition for both transistors is likewise impos- 
sible, otherwise the collector potentials would be lower than V*. 
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(set-reset) triggering that uses two trigger inputs and symmetrical 
(complementing, or count) triggering that uses only one (common) 
trigger input. 


8.9.2. Asymmetrical triggering. In the asymmetrically triggered: 
flip-flop of Fig. 8.28, one more transistor switch (73 or T4) is con- 
nected in parallel with each of the transistors forming the bistable- 
unit. These switches are under control of external signals. i.e., the- 
base currents which assume one of the two values, Jj or 0. Control 
switches perform the same functions as metallic contacts; they can 
be on or off. 

Assume the initial state of the flip-flop is such that the transistor: 
T1 is off, T2 is biased on to saturation, and both switches 73 and T£# 
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Fig. 8.28. Circuit (a) and time diagrams (b) of asymmetrically triggered flip— 
flop 


stay off. If the positive-going step input Jj drives 74 on to satura- 
tion, the state of the circuit will not change because V,, in the ini- 
tial condition has been close to zero. If now a step input causes T3 
to conduct, the potential V., drops to zero and so does the base po- 
tential V,,, with the result that 72 switches off. Then the process. 
of regeneration pushes the transistor TZ into saturation. In its new 
stable state, the switch 73 does not any longer exert a control action 
on the circuit; its on and off states do not alter V., and Vz ;. To return: 
the flip-flop to the initial state, a trigger pulse must be applied to T4. 

In asymmetrical triggering, therefore, trigger pulses alternately 
go to both inputs of the flip-flop (Fig. 8.28b). It should be pointed 
out that the simultaneous arrival of trigger pulses at both inputs of 
the asymmetrically triggered flip-flop is impermissible. 

To illustrate the point, assume that both trigger pulses act simul- 
taneously. In this case, the bases of 77 and T2 will be at a zero poten- 
tial, and so both transistors will be off. After cessation of the pulses, 
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both transistors will turn on, and so the bistable circuit will tempo- 
rarily stay in the symmetric condition. As shown above, the circuit 
can switch over to either of the two stable states with equal proba- 
bility. So the result of the simultaneous action of trigger pulses proves 
ambiguous, which is unacceptable in digital circuits. The discussed 
type of bistable circuit with asymmetrical triggering received the 
name of a reset-set (RS) flip-flop. A set input signal causes the cir- 
cuit to become set and a reset input causes 
it to reset. 

The structure of RS flip-flop circuits 
based on germanium transistors which were 
in use in the 50s and at the start of 60s was 
more complex than the silicon transistor 
circuit described above. This is because ger- 
manium transistors show the same value of 
residual voltage in the saturation region 
as silicon transistors (this voltage is inde- 

=p pendent of J,,), but have a much smaller 

. : value of V*, typically 0.2 or 0.3 V. So it 
ae 8.29. Symmetrically is impossible to drive one of the transistors 

ggered flip-flop witha . . 
cutoff voltage source into cutoff by the residual voltage of the 

second on-transistor. To avoid this difficul- 
; ty, feedback circuits had to incorporate 
voltage dividers RJ, R2 and a cutoff emf source —E, (Fig. 8.29). 

The emf —£; ensures’a negative potential on the base of the off 
transistor. In an electron tube version, such a flip-flop known as 
a “cathode relay” was suggested by the known Soviet radio engineer 
M. A. Bonch-Bruevich as far back as 1919. 





8.9.3. Symmetrical triggering. In this type of triggering, each 
consecutive pulse applied simultaneously to the two interconnected 
inputs (forming a common input) causes the flip-flop to change its 
state to the opposite. 

We have noted earlier that in the simple circuit of Fig. 8.28, 
it is impermissible to apply trigger pulses to the two inputs simulta- 
neously because after pulse cessation the circuit will change stato 
irregularly. In order that the states of the bistable circuit might 
change regularly after each incoming pulse, the circuit must have 
an internal memory. The function of this memory is to store informa- 
tion on the preceding state of the circuit during the trigger pulse 
action and to force the circuit to change its state to the opposite after 
pulse cessation. 

A classical approach to ensuring an internal memory is to employ 
commutating or memory capacitors. A flip-flop employing a capacitive 
memory and operating waveforms appears in Fig. 8.30 
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Assume that in the initial condition the transistor 77 is biased 
off and T2 biased on to saturation. Hence, 
Tyy = 0, Ton = (Ee — V*)MR + R-) 
The voltages on capacitors CZ and C2 will then be given by 
R 
Ver ea Ty.R a (E,—V*) R+R, 
Veo = Iy,R =0 
and the collector potential of 77 
Vn =V*+1,.R 


A trigger pulse applied to 73 and T4 causes both transistors to 
switch on to saturation. The potential V., then drops to practically 
zero, while the potential V,. goes negative: 





Vea = Va — Ver & —Vea 


Transistors T77 and T2 both stay off until the end of the input pulse. 
The incoming pulse causes the capacitor C1 to discharge via the re- 
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eee Circuit (a) and typical waveforms (b) for a symmetrically triggered 
lip-flop 


sistor R with a time constant t, = C,R. If the input pulse is rather 
short (tin < t,) the capacitor discharge is negligible and the voltage 
Vc, remains at its initial level. 
As the input pulse ceases, turn-on currents which substantially 
differ in value start flowing into the bases of transistors: 
Te 5 Be Vere A Bev 


Re Re 
It = E-—Vce,—V* eae E.—V* 
Ba Re Re +R 


It is obvious that I,{ exceeds I,;. The initial rate of rise in the col- 
lector current of 7/7 will thus be higher than this is the case for T2. 


20-0128 
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The rapidly growing current J,, branches off into the base of 72 and 
causes the initial value of J}, to go to zero. The transistor 72 then 
becomes off, while the transistor 77 enters the saturation region in 
a certain time. The flip-flop bas thus changed its initial state. 

In the interval between the input pulses the capacitor CZ has time 
to discharge and the capacitor C2 to charge to the same voltage as that 
which was on C/ in the initial condition. The next input pulse will 
trigger the processes similar to those described above, and so the 
flip-flop returns to its original state. 

The capacitors C7 and C2 retain (remember) the voltages specific 
to the preceding state; they thus ensure unambiguous artificial asym- 
metry of turn-on currents when the input pulse ceases, and hence ana- 
ble the circuit changeover from one state to another. A bistable unit 
whose action is to change state every time an input pulse is applied 
to the single (common) input is called a toggle (T-type) flip-flop, 
or complementing flip-flop. 

For the normal operation of the considered T flip-flop, two condi- 
tions need to be met. One of the conditions mentioned earlier states: 
tin < t,, where t, is the time constant of capacitance. This condi- 
tion enables retaining the charge on the commutating capacitor dur- 
ing the action of the input pulse. The second condition enables the 
capacitor discharge in the interval between input pulses. This con- 
dition reads: JT > 3t,, where T is the pulse repetition rate (the time 
measured from the leading edge of one pulse to that of the next pulse 
as shown in Fig. 8.30b). The above condition limits the speed of a 
switching circuit. §. 

Since capacitors are undesirable elements in semiconductor ICs, 
integrated T flip-flops do not use memory capacitors. The required 
internal storage is effected by other specific means (see Ch. 10) which, 
besides, ensure a high flexibility of the circuit and additional func- 
tional possibilities. 


8.9.4. Transients. It stands to reason that the circuit changeover 
from one stable state to the other does not occur instantaneously, 
since every switch entering into the circuit shows a response lag with 
changes of currents and voltages. 

In asymmetrical triggering, the transient proceeds in the following 
way. Let in the original state the transistor TZ be off and T2 on (see 
Fig. 8.28). Assume at a moment t = 0 the incoming step input abrupt- 
ly drives the control switch 73 on to saturation. At the first stage 
of the transient the transistor T2 begins to switch off as a result of 
excess charge dissipation in its layers and then the collector current 
rapidly drops to zero (see Subsec. 8.4.5). At the second stage, the 
input capacitance of 77 starts charging. When the voltage V,, rea- 
ches V*, the transistor TZ becomes on. At the third stage, the cur- 
rent 7,, starts to grow, and the stage culminates in saturation of the 
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transistor 71. At the fourth stage, the excess charge builds up in 
the layers of the saturated transistor (see Subsec. 8.4.3). 

From the above we can conclude that the total switching time tw 
for an asymmetrically triggered flip-flop comprises such basic time 
components as storage time t,, delay time fy, rise time t,, and charge 
accumulation time ¢,.: 


ty =t, tg tt, + tee (8.61) 


As vin the expressions for each of the time components, see Sec- 
tion 8 

Let us recall that if the input pulses are rather short, the charge 
accumulation time according to Eq. (8.22) depends on the duration 
of an input pulse. In the limit, if t* = tg + ¢,, the excess charge 
accumulation does not occur, and so t,, = 0. So the maximum ope- 
rating frequency of a flip-flop is defined by the switching time if 


Fmax = (ts + ta + t,)7 (8.62) 
Setting t= 5ns, tg = 3ns, and t, = 2ns, we have Fnax = 
= 100 MHz. 

In symmetrical triggering, the transient proceeds in a somewhat 
different manner. For the entire length of a trigger pulse, both tran- 
sistors stay in the off condition. After cessation of the input pulse 
one of the transistors which was off in the original state begins to 
switch on. This transistor stores an excess charge. Concurrent with 
the excess charge buildup, another process continues, which invol- 
ves recharge of the memory capacitors in compliance with the new 
steady state of the flip-flop (see p. 305). 

The length of the first of the mentioned stages is obviously equal 
to tin. The length of the second stage includes tg and ¢,. Last, the 
duration of the third stage is the time taken for the capacitors to 
recharge; this is the recovery time t,e-, which can be taken to be equal. 
to 3t,, where t, = CR. 

The total switching time can be written thus: 


tew = tin ttg +h + bree (8.63) 


As mentioned earlier, the length of an input pulse must satisfy 
the condition t;, < t,. On the other hand, the pulse length must not 
be smaller than the storage time for a saturated transistor, otherwise 
the transistor would remain in saturation and the flip-flop would 
not change state. Considering both limitations, we set t;, ~ ts. 
Then the first three summands of Eq. (8.63) will approximately be 
the same in value as in Eq. (8.61) for asymmetrical triggering. Hence, 
we can write the maximum operating frequency for a symmetrically 
triggered flip-flop in the form 


Fimax a (ts + tg tet tec) (8.64) 


lac 
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It is easy to see that in asymmetrical triggering the minimum switch- 
ing time is larger and the maximum frequency is smaller than in sym- 
metrical triggering Thus if we take t,, tg, t, to be the same as in the 
above example and set C = 10 pF, R = 1kQ, then t¢,,. = 3% = 
= 30 ns and Fmax ~ 25 Myz, or one-fourth the frequency for asym- 
metrical triggering. 


8.10. Schmitt Trigger 


The Schmitt trigger is essentially a bistable pulse generator, or 
current switch, discussed in Sec. 8.6. To stress this fact, the Schmitt 
trigger circuit of Fig. 8.31 shows the current switch by solid lines 
and the voltage divider RZ, R2 by dash lines. For the same purpose, 
the potential V,. is denoted as £, 
though £ is not constant in the given case. 

To simplify the analysis we shall 
idealize the RI-R2 divider, assuming 
that it does not draw current and only 
conveys a fraction of voltage, V,,, to the 
base of transistor 72: 


E — Wears where Y = R,/(Ry + R,) 


Suppose that in the original state the 
transistor 77 is off and T2 is on, but 
remains in the active region. For this 
state, the following potentials are valid: 


Va= E., E= yEo, Ves = E.— IR, 
Fig. 8.31. Schmitt trigger With 72 in the active region, the 
condition V,.,>>£ should be met, 


whence the pve ap value of J,R,. can readily be determined. 
The initial condi 





ition keeps invariable so long as TZ remains off, 
in which case input voltages remain smaller than E. Let us denote 
the voltage that drives TZ on by Vj,: 


Vi, = E—5 = yE,— 54 (8.65) 
where 6+ 0.1 V. If E, = 5 V and y = 1/2, then Vj, ~ 2.4 V. 
Let theinput signa] V,, be slightly in excess of the turn-on voltage 


to cause a small current increment A/,, to appear. This leads to the 
following train of events: 


AV = —AlaRey AE =yAVq, AV. = AE 


The last equality presupposes that the forward voltage across the 
emitter junction does not vary and equals V*. The increment AV, 
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causes an additional increment in collector current: 
Alg, = —S AV, = ySR, Aly 


where S is the transconductance of the transistor?. 

If the product ySR, is in excess of unity, the additional increment 
AJ., that arises in passing around the closed circuit will be larger 
than the initial increment A/,,. This means that a regenerative 
(avalanche-like) process develops in the circuit, which causes the 
current J, to flow into the transistor TZ and the transistor T2 to 
switch off. 

The voltage Vj, which causes an abrupt switchover of current Iy 
from the transistor 72 to TJ is called the upper trigger level (UTL) 
for the trigger circuit. 

After the switchover, the potentials in the circuit become 


Vea = Veo E= cos Veo = E, 


where V, is the collector potential of the transistor TZ biased on. 
Depending on the parameters of J, and AR, the on transistor Tl 
can be operated both in the active and in the saturation region. The 
operation in the active region is typical. Then, 


Veo = E, — ToRea (8.66) 


where V.. > Vi, since the base potential keeps invariable in switch- 
ing. Par 

To return the circuit to the original state, we should reduce the 
input signal to a value close to £ at which the transistor 72 starts 
to switch on. 

Designate the turn-on voltage of T2 as Vj, : 


Vin = E+6 = Wo + 6 (8.67) 


If we set y = 1/2 and Vy = Vi, = 2.4 V according to Eq. (8.65), 
then Vin ~ 1.3 V. 

As soon as the voltage V;, drops below Vj,, the transistor T2 
begins to go on and regeneration again occurs. The circuit then 
abruptly returns to the initial condition at which 77 is off and T2 
is on. 


1 The minus sign in the relation between the increments AJ,; and AV, 
is due to the fact that in npn transistors the current rises with a negative incre- 
ment in emitter potential. 
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The level of input voltage which causes an abrupt switchover of 
current J, from 77 to T2 is known as the lower trigger level (LTL). 

Disregarding the small value of 5 and taking into account the 
equality V., = Vin, from Eq. (8.67) we find that the LTL is smaller 
in magnitude than the UTL. This relationship is of primary import- 
ance for the Schmitt trigger. 

The terms upper trigger level and lower trigger level are often re- 
placed by more general terms upper threshold level and lower threshold 
level. The Schmitt trigger is therefore called a threshold device. 

The output signal is derived from the collector of T2. Since this 
collector is free of the feedback path and the transistor T2 is operated 
in the nonsaturated region, the transients take an extremely small 
time, much smaller than in ordinary flip-flops. This is one of the 
most important advantages of the Schmitt trigger over other bistable 
circuits. 

Figure 8.32 shows the transfer characteristic for a Schmitt trigger, 
where V+ = Vo,. As seen, the difference between the UTLand LTL 





g Yn Vin Vig % 2 7 
Fig. 8.32. Transfer characteristic for Fig. 8.33. Wave input and output of 
a Schmitt trigger circuit a Schmitt trigger circuit acting as vol- 


tage level ‘detector and pulse shaper 


results in the hysteresis of the circuit, the loop width being Vi,, — Vin. 
For the above values of Vj, and Vin, the amount of hysteresis comes 
to about 1.1 V. 

A typical method of using the Schmitt trigger as a threshold 
element is illustrated in Fig. 8.33. As V;, rises smoothly from zero, 
the trigger circuit remains in the initial state, with TZ off. As V,, 
reaches Vj,, the trigger changes state, the transistor T2 becomes off 
and a positive voltage step appears at the output. If the input signal 
does not reach an upper threshold level, the output signal does not 
appear. The Schmitt trigger can thus sort out input signals by their 
amplitude: above or below the threshold level Vj,. Such a circuit 
is called a pulse-height analyzer or discriminator. 

If the amplitude of input signals is known to be higher than the 
threshold level, the function of the Schmitt trigger changes: the 
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circuit becomes a pulse generator which converts smoothly varying 
input signals to standard-height pulses with sharply shaped edges. 
Such pulse-shaping circuits are often necessary for various practical 
applications. 

In conclusion it can be pointed out that rather high input signals 
(Vin > Vin) can drive the transistor TZ into saturation. This does 
not trigger T2 to the on state and this does not disturb the perfor- 
mance of the circuit, but causes a sharp rise in the input current 
of the trigger and slows down its switching speed because of the 
need for removal of the stored excess charge. 


Chapter BASICS OF ANALOG 
9 CIRCUIT ENGINEERING 


9.1. General 


In Sec. 8.2 we have outlined the general features of analog circuits 
whose range is rather large and diverse. Until the advent of micro- 
electronics one could hardly think that it was possible to find a few 
standard analog circuits like switches in digital engineering, that 
would serve as the basis for all or most of the analog circuits. As 
microelectronics developed further, however, the search for such 
standard circuits continued and proved a success. These circuits 
are briefly described in the next chapter. 

Amplifiers always played a leading role in analog circuit engi- 
neering. They performed the most general function of amplifying 
the power of weak signals. In microelectronics, their role has become 
yet more important because the so-called operational amplifier 
(the basic variety of analog ICs) can serve most different purposes, 
of which amplification is only one of the many. That is why we shall 
primarily focus on amplifiers and consider them most thoroughly. 

Amplifiers can be classified in a variety of ways. By the band 
(range) of frequencies being dealt with, the amplifiers are divided 
into wide-band and narrow-band (selective) types. The former include 
an important group of de amplifiers capable of amplifying signals 
of the lowest possible frequency. By the power handled, the ampli- 
fiers can be grouped into low-power and high-power categories. In 
the first category, the power of an output signal is much lower than 
the power consumed by an amplifier; in the second, both powers are 
comparable in value. By the purpose they have to serve, the ampli- 
fiers can be classified as linear, logarithmic, differentiating, electro- 
metric, and others. 

Discrete transistor circuit engineering widely used the classifica- 
tion of amplifiers by the types of coupling between individual stages, 
such as capacitive, transformer, and conductive (direct) coupling. 
Capacitive coupling was most popular and the study of amplifiers 
began with the treatment of this type. But, as known, the manufac- 
ture of capacitors in semiconductor ICs involves difficulties, while 
the manufacture of transformers is impossible. This explains why 
direct-coupled amplifiers, considered “exotic” in discrete circuit 
engineering, have come to be in the forefront. 

Since direct (nonreactive) coupling enables the amplification of 
arbitrarily slow signals, the amplifiers with such coupling are de 
amplifiers mentioned above. They form the basis of integrated analog 
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9.2. Composite Transistors 


Many analog ICs use a few (typically, two) transistors connected 
so that they can be regarded as a single component called a composite 
transistor. Composite transistors exhibit the properties that are 
difficult or impossible to achieve in individual transistors of a con- 
ventional structure. 
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Fig. 9.4. Darlington pair 
(a) simple; (b) current-equalizing 


Among composite transistors, the most popular type is a Darlington 
pair (Fig. 9.1). The main feature of the Darlington pair is that it 
ensures an exceptionally high base current gain. 

Indeed, from Fig. 9.4a it follows that 

Typ =I = (Bi +1)t,, I= Buy + Baloe 
Substituting the expression for J,, into the second equality and 
dividing both sides of the equation by J, gives the equivalent gain 
of the Darlington pair: 

B=B, +B, + B,B, (9.1a) 

In all practical cases, the first two terms on the right of the expression 

are insignificant, and sc the equivalent current gain can be written as 

B = B,B, (9.10) 

If the components B, and B, are equal to 100 to 200, the calculated 

gain B reaches 1 x 10*to 4 X 10+. The differential (dynamic) gain B 
will be approximately of the same value. 

It should be borne in mind, however, that the transistors com- 
prising the Darlington pair operate in fairly different modes: the 
emitter current J,. exceeds about B, times the current J,,. Conside- 
ring the B-J, relation shown in Fig. 4.44a, we conelude that B, 
can be much smaller than B,. The real values of B range into a few 
eves as they do in superbeta transistors discussed in Subsec. 
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To balance out the currents J,, and J,,, a resistor R is connected 
in parallel with the emitter junction of transistor T2 (Fig. 9.1b). The 
current Jp through the resistor is equal to approximately V*/R. 
This current can be made to approach the current J,,, so that Jy, 
will be a small fraction of J,,. In this case, the emitter and collector 
currents of both transistors will be nearly equal. Correspondingly, 
the static (dc) current gain B decreases to 2B,. But the ac current 
gain f can be very large as before. In comparison with B given by 
Eqs. (9.1), the gain B will decrease in the ratio of R/Rin, where Rin 
is the input resistance of 72. Calculations show that f decreases by 





Fig. 9.2. Composite pnp transistor 


a factor of merely 3 to 8, so its values lie in the range between 1 000 
and 5 000. The parameters r, and r, of the Darlington pair are close 
in value to the respective parameters of transistor 77. 

In Fig. 9.2 is illustrated the circuit of another composite transistor 
which can be called a composite pnp transistor. The given structure 
represents a combination of two transistors of the pnp and npn types. 
As is clear from the figure, the resultant currents flow in the direc- 
tions typical for the pnp transistor. As for the current gain of this 
pair, its expression B = B, + B,B, practically resembles expressions 
(9.1) for the Darlington pair. 

As noted in Sec. 7.5, integrated pnp transistors are inferior to 
npn transistors in current gain B. Thus the composite pnp transistor 
offers definite advantages because its current gain exceeds that of 
the npn transistor entering into the common circuit of the pair. It is 
thus possible to use, say, a parasitic pnp transistor of Fig. 7.20a 
with its low current gain as a transistor 7/ in the pair. The speed of 
response of the composite transistor is the same as for the constituent 
pnp transistor, that is, slower than for the npn transistor. 


9.3. Statics of a Simple Amplifier 


Amplifiers generally consists of a few elementary cells known as 
amplifying stages. An amplifying stage may contain one, two, or 
more transistors, so its circuit may be rather complex. But even a 
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very complex stage cannot be divided into simpler components with- 
out losing its specific properties. In this sense, a single stage is an 
elementary cell of the amplifier. 


9.3.1. Circuit and quiescent state. A simple direct current ampli- 
fier using one transistor is shown in Fig. 9.3a. This type of amplifier 
requires a dual + power supply (dual-polarity power supply), that 
is, two power sources of voltages +H, and —E, with respect to 
ground. 

In principle, an amplifier can operate from single-polarity power 
supply (Fig. 9.3b), though this entails considerable difficulties. 
First, the circuit requires a special bias source E,. Second, the 





(@) 


Fig. Hes Amplifying stages with dual-polarity (a) and single-polarity (6) power 
supply 


signal source has no grounded point, which excludes the use of a 
number of typical signal sources and sharply raises the level of 
picked-up noise at the amplifier input. If we exchange the signal 
source and the bias source in the circuit, a high level of noise remains 
the same. Besides, it proves practically impossible to obtain a non- 
grounded bias source. 

Let an input signal V;, be equal to zero. In this case, the power 
supplies E, and E, will cause de components to flow in the circuit. 
The condition at which no input signals are present is commonly 
referred to as a quiescent state. 

If an input signal is present, ac components proportional to Vin 
will add to the dc components. So, in the operating condition, the 
total voltages and currents can be written in the form: V = V® + 
+ AV; J = 1° + AI. Here the upper index “0” indentifies de com- 
ponents and the increments stand for the ac components which are 
usually small as against the dc components. 

As mentioned in Sec. 4.6, it is possible to analyze dc and ac com- 


ponents separately. Consider dc components typical of the quiescent 
state. 
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Set V;, = 0 and construct an amplifier circuit model such as shown 
in Fig. 9.4. The transistor equivalent circuit here is a simplified 
Ebers-Moll model corresponding to the normal active mode of opera- 
tion (compare with Fig. 4.13), with a resistance R, inserted into the 
base circuit for generality. This resistance comprises an internal 
base resistance r, and also the resistance of the source resistance or 
that of the preceding stage. 


Fig. 9.4. Amplifying stage circuit 
model for dc components 





; Tracing around the input section of the circuit model of Fig. 9.4 
gives 
BR,+V*+2R,—E,=0 


Substituting J} = (1 — a) J, we can readily determine the emitter 
current 


0 Ee—V* 
= RF I—a Re os 


The collector potential has the form 


vVe=E£,—lR, (9.2b) 
where J2 = al’. 

The quantities J? and V? have specified values. The combination 
of these values determines what is termed an operating point of the 
transistor in the quiescent state. The voltage E,, is commonly speci- 
fied too; expression (9.2b) then unambiguously gives the required 
resistance Rg. 

As for EZ, and R,, they both must be sufficiently large in order 
that inevitable changes in @ and V* might not have a noticeable 
effect on /?. It can be said that the choice of the values of FE, and R, 
is determined by the desired stability of the operating point for the 
transistor with changes in temperature and other factors. 

The choice of AR, is made proceeding from the condition 


; Re>(1—a) Ry (9.3) 


Thus, if Ry =2 kQ and a = 0.99 (that is, B = 100), then R, must 
be not less than 50 Q. 
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Having chosen R,, we can easily find the quantity E, from Eq. 
(9.2a). It may happen that the value of #, is not large enough to 
prevent the effect of changes of V*. Where this is the case, it is neces- 
sary to increase E, and also R,. Commonly, £, > 2 or 3 V. 


9.3.2. Differential parameters. A signal V;, causes changes in 
the voltages and currents in the circuit, that is, “gives” birth to ac 
components. To evaluate these components, let us use the small-sig- 
nal transistor circuit model of Fig. 4.16. Restricting ourselves for 


Fig. 9.5. Small-signal circuit model 
for a low-frequency amplifying stage 





the time being to the range of rather low frequencies, we shall take a 
as an actual quantity and neglect the collector capacitance along 
with the collector junction resistance r,, since the inclusion of the 
latter does not involve substantial corrections in the results of the 
analysis. The equivalent circuit of the amplifier stage will then 
be such as shown in Fig. 9.5. The circuit model also includes the 
internal resistance R, of a signal generator (signal source) and shows 
the current and voltage increments without the sign A for simpli- 
city. 
From Fig. 9.5 it follows that 


Vin = Ip (Ry i Tp) + I, (Re + Te) 
Substituting J, = (1 — a) J, readily gives 


—_ Vin 
1e=ReEred—a) Ag tr) oa 

Considering the condition (9.3), it is safe to set 1, = V;,/R, with- 
out introducing a large error. Knowing the current J,, it is easy to 
determine all other currents and voltages in the circuit. 

The coefficients, both dimensional and nondimensional, which 
interrelate ac components and an input signal are known as differen- 
tial parameters of an amplifier. 

Of these, the main parameter called the amplification factor, or 
voltage gain, is expressed through the ratio between the output and 
the input signal: 

K= Vout! Vin 
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The output signal is customarilly taken as an ac component of the 
collector voltage, AV, for which reason the collector potential in 
Fig. 9.3 is written as V2 + V,,,;. From Fig. 9.5, it is apparent that 
Vout = —al.R,. Substituting the current J, given by Eq. (9.4) 
and dividing both sides of the expression by V;,, we find the voltage 
gain in the general form 
aR, 

aS Ret+re+t(1—a@) (Rg+ro) (9:98) 
Disregarding, according to Eq. (9.3), the two last terms in the deno- 
minator, the expression reduces to a simpler form, quite suitable 
for all practical calculations: 


K = —a (R./R,) (9.5b) 


The minus sign indicates that the polarities of the output and the 
input signal are different, or (in the case of a sinusoidal signal) the 
output is 180° out of phase with the input. 

As clear from Eq. (9.5b), it is desirable that the resistance R, 
can be large and R, small. In practical circuits, however, the resist- 
ance R, is dependent on the supply voltage and the operating point 
of a transistor, as obvious from (9.20), and the resistance R, must 
satisfy the stability condition (9.3). This explains why the voltage 
gain of the stage under study does not exceed 4 or 5. 

The limitation on the voltage gain becomes expressly obvious if 
we transform Eq. (9.5a) by substituting R, and R, given in (9.2) 
into Eq. (9.5a). Setting r, < R, then gives 

E.—V? 
“Ee—V* 


Let us set EF, = 12 V, E, = 3 V, and V? = 2 V. At these values, 
K ~ 4.5. It is useful to remember that the voltage gain K does not 
depend on operating currents and approaches unity if supply volt- 
ages F#, and £, are equal. 

If an external load R; shown by a dash line in Fig. 9.5 is connec- 
ted to the amplifier output, then R, in Eqs. (9.5) should be replaced 
by the equivalent resistance R, || R,;, where || is a symbol identify- 
ing parallel connection. 

The next important parameter of an amplifier is an input resistance 


expressed as 
Rin = VinlT in 


where J;, is the ac component of the base current. The voltage Vin 
is assumed to be applied directly to the base. Hence, in calculating 
the input resistance, one needs to set R, = 0. 

The input resistance plays the role of a load with respect to the 
signal source. So, the larger this resistance, the smaller the load on 
the signal source and the better the signal transfer to the stage input. 


fe (9.6) 
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Assuming R, = 0, from Fig. 9.5 we get: 
Vin — Tere + I (Re “i re) 


Substituting 7, = (B + 1) J, and dividing both sides of the expres- 
sion by J, =J;,, we find the input resistance in the general form 


Rin = To + (B + 1) (Re + Te) (9.7a) 
The resistances r, and re may practically be neglected. So, 
Rin ~ (Bp + 1) Re (9.75) 


If B = 100 and R, = 1 kQ, then R;, ~ 100 kQ. Note that as R, 
grows, the input resistance cannot rise infinitely as obvious from 
Eqs. (9.7). The causes of the limit are discussed in Sec. 9.4. 
The third important parameter of an amplifier is an output resist- 
ance given by 
R = (Vout)oc 
out Tout she Wi 


where (Vout)oc is the output voltage in the open-circuit (no-load) 
condition of the stage, that is, in the absence of the external resistor 
R,; and J out enc iS the output current in the short-circuit condition 
(what is meant here is short-circuiting for ac components). 

The output resistance characterizes the load capacity of the stage: 
the lower this resistance, the larger the current that can be delivered 
to the external load and so the smaller the external resistance that 
can be inserted into the circuit. 

From the physical viewpoint, the output resistance of a circuit 
is an incremental resistance that can be measured at the output 
terminals in the absence of an input signal (V;, = 0) with the exter- 
nal load disconnected (R,; = co). The theoretical calculations of 
Rout are performed under the same conditions too. 

For the circuit of Fig. 9.5, there is no need to carry out special 
calculations. Since the input of the circuit is separated from the out- 
put by a current generator, which is idle at V;, = 0, we may just 


write: 
Rout = R, (9.8) 


The inclusion of the collector junction resistance (that is, the current 
generator internal resistance) does not practically affect the above 
equality. 


9.3.3. Drift of de components. Under the quiescent conditions. 
(at Vin = 0), the currents and voltages of an amplifier can vary 
with temperature, supply voltage, and under the action of other 
factors. The slowly varying uncontrollable increments in currents 
and voltages that result from the above factors are known as the 
drift of de components. 
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If an input signal changes rather rapidly (that is, at a sufficiently 
high frequency), then it is an easy problem to distinguish the am- 
plified signal from the drift. But in de amplifiers intended to am- 
plify slowly varying signals, the drift (parasitic increments) is gene- 
rally indistinguishable from the increments induced by the useful 
signal. So, the value of drift places a limit on the level of sensitivity 
of a de amplifier, that is, on its capability of amplifying small 
signals. 

Because dc amplifiers used in microelectronics occupy a leading 
place, the drift problem proves particularly accute. 

Let uncontrollable processes have brought about the increments 
AE, and AE, and also the increments AV* and Aq of the transistor 
parameters. From Eq. (9.25) it then follows that the collector poten- 
tial V2 changes by 

AV? = AE, + AMR, 
Here, the plus sign is due to the fact that the increments AE, and 
AI2R, are independent, or uncorrelated, and hence can add together 


in the worst case. Allowing for the relation /2 = aJ?, the collector 
current change may be written in the form 


Alt = Acel? +a AR 
Last, using Eq, (9.2a), the emitter current change may be given by 
ou, AEe+AV*+AalR 
i a iia) 
AD "Reta By 


Making appropriate substitutions and dividing AV? by the voltage 
gain of Eq. (9.5a), we obtain the voltage called the referred drift: 


Ave 





This qu ntity is convenient for use in estimating the smallest input 
signal yet distinguishable against the background of drift. 

If we disregard a small difference between the denominators of 
Eqs. (9.2a) and (9.5a) and replace a by a more convenient factor B, 
the referred drift will take the form 


= 7 AE AB Je(Re+ Ro) 
Var =AV*+ (AEF eo) +5 


This expression says that among the four causes of drift (AB, AEZ,, 
AE,, and AV*), the component AV* is principally unavoidable. 
The remaining components can generally be reduced by a circuit 
design including the stabilization of supply voltage and a decrease 
in operating current. 

To estimate the drift, let us set B = 100, AB/B = 0.5, 2 = 
=1mA,R,+ Rk, = 3kQ, EF, = 3 V, FE, = 12 V, and |K |=5. 





(9.9) 
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The third component of the drift will then be equal to 15 mV. To 
decrease AF, and AF,, we should stabilize the supply voltage to 
(0.4%. As for the unavoidable component AV*, its value primarily 
depends on the range of temperature variations. Assuming the tem- 
perature sensitivity ¢ to be equal to 1.5 mV° C- (see p. 90) and 
setting AT = 100°C, the component AV* reaches 150 mV. This 
component is obviously the largest. As clear from the above exam- 
ple, the referred drift sets a lower limit on input signals of the order 
of 100 mV. 


9.3.4. Cascading. The voltage gain of a simple single-stage ampli- 
fier has a limit and does not usually exceed 4 or 5. Therefore, to 
obtain the desired gain that often has to range into a few thousands 
and even into the tens of thousands, it is necessary to connect several 
similar amplifying stages in series to form a multistage (cascade) 
amplifier. In a cascaded configuration, the output of each stage is 
connected to the input of the next stage. The overall gain will be 
the product of the gains of all the stages: 


K= K,K,... Ky (9.10a) 
or, if the stages are identical, 
K = kr (9.100) 


Ilere, m is the number of stages, and K, is the gain of an individual 
stage. 

The arrangement of individual stages in a series circuit is known 
as cascading (cascade connection). 

From Eq. (9.100) it is easy to find the required number of stages 
for the specified values of K and K,: 


n = log K/logk, 


If K = 10* and K, = 4, then n ~ 7. As seen, this type of amplifier 
can consist of a rather large number of stages. 

In cascading a simple amplifier, one has to bring under control 
specific problems which add to the difficulty of obtaining high 
gains. We shall not dwell on these problems since the simplest am- 
plifiers discussed above are not popular in microelectronics. 


9.4. Transients in a Simple Amplifier 


Externally the transistor in a simple amplifier is connected ina 
common-emitter (CE) configuration: an input signal is applied to 
the base and the output signal is taken off the collector. But in essence 
the transistor operates in a common-base (CB) connection, since both in 
the quiescent state and with an input signal applied, the specified 
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value is found to be the emitter current rather than the base current, 
For an ac component, this conclusion is evident from Eq. (9.4) 
considering the condition (9.3). 

Hence, applying a signal V;, to the input, we thus set a step of 
emitter current, A/,. Correspondingly, the transient characteristica 
of the collector current and collector voltage will be determined by 
the transient response of gain a. Considering the effect of collector 
capacitance, it is necessary to use tgo- of Eq. (4.66) rather than ty. 
Substituting the transform a (s) into Eq. (9.5b), we find the Laplace 
transform K (s). Proceeding from the latter quantity, it is then easy 
to find the transient and frequency characteristics. In a relative 
scale, all these characteristics will coincide with the appropriate 
characteristics for gain a (see Sec. 4.7). So there is no need to give 
again the corresponding formulas and graphs. 

Instead, we shall consider the case where the emitter current 
cannot be regarded as a specified value, that is, when the summand 
(1—a) (Rg + 7r,) in the denominator of Eq. (9.5a) is comparable 
with the first two summands. This case is not typical for a simplo 
amplifier, but is of importance from the methodical standpoint 
since it serves as the basis for the analysis of other types of amplifier. 


9.4.1. Time constant at high frequencies. The equivalent circuit 
of an amplifier,intended for work in the range of high frequencies 


Fig. 9.6. Small-signal circuit model 
for a high-frequency amplifying stage 





(pulses of a short length) appears in Fig. 9.6. We shall disregard the 
collector capacitance C, in the circuit but take into account its 
effect (as we did in Sec. 4.7) through the equivalent time constant 


Pek St OR: (9.14) 


Let us use the simplest transform (4.48) for a and substitute it 
into Eq. (9.5a). Multiplying the numerator and denominator by the 
binomial 1 + st,,.- and reducing the denominator to the form 
A (4 + sa), we can write the Laplace transform of the stage gain: 


K (s) = K/(A + stpy) (9.42) 
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Here tT»; is the time constant of the stage at high frequencies (short 
pulse lengths). This quantity may be easily reduced to the form 


Trap = Taoel(4 as OY e) (9.13) 
where y, is current dividing coefficient for the input section: 
= (Ry t+ri)Re tre + Re +17) (9.14) 


The coefficient y, defines the fraction of current aJ, that branches 
off from the current source into the emitter circuit during the growth 
of a (at the start, a = 0). 

If Rg +r,<R. +7, as was the case so far, then y, ~ 0. This 


means that the current al e does not practically branches out into 


the emitter circuit: almost all the current a/, goes into the low- 
resistance base circuit. The original step of emitter current, /, (0), 
thus remains invariable, and the transient proceeds with a time 
constant Try = Taoe, aS we have mentioned earlier in the beginning 
of this section. 

A noticeable rise in t,; as against t,.- begins only when the 
resistances in the emitter and base circuits become comparable in 
value. In the limit, if Rg +7, >R.+1e, the coefficient y, ap- 
proaches unity. So the. time constant Tnx becomes equal to 
Taoe/(1 — a) which is the equivalent time constant of the CE con- 
iguration, as follows from Eq. (4.67): 


Toe = T+ (B + 1)C.R, (9.15) 


Such a transformation of t,, is quite natural since the condition 


= 1 means that all the current ale flows to the emitter circuit, 
ae hence the base current remains invariable, specified. The tran- 
sistor should thus be considered connected in a CE configuration 
which, as known, is characterized by a time constant T,¢. 

Note that we could express t,; through t,, from the very beginning. 
For this, it is enough to replace a in Eq. (9.13) by B/(B + 1) and 
multiply the numerator and denominator by 6 + 1. After making 
elementary transformations and taking into account Eq. (4.55), 


we get 

Tay = Toel(A + Bye) (9.16) 
Here y, is the current dividing coefficient defining the amount of 
current al, that flows to the base circuit: 


Re+re 
Ne SNe er, OR ee (9.47) 
As yz, rises, t,¢ decreases and, in the limit, when y, = 1, reaches 
a minimum value of Tgoe- 
From the above it follows that the speed of response of a simple 
amplifying stage rises (that is, t,; becomes smaller) if the resistance 
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in the base circuit is at minimum and that in the emitter circuit at 
maximum. Hence, the lower the signal source resistance, the bettor 
the transient response of the amplifying stage. 


9.4.2. Transient and frequency characteristics. Multiplying the 
current gain transform of Eq. (9.12) by V;, gives the transform of 
an output voltage. The original of this transform will be a transient 
response 


Vout (t) = KV in (4 —e /*h1) (9.18) 


shown in Fig. 9.7 in two variants. The first is typical for a low- 
resistance signal source, where the specified value is in fact tho 
emitter current, that is, ye +0 and Thy © Taoe (See Fig. 9.7a); 





Fig. 9.7. Transients in a stage 
(a) at specified emitter current; (b) at specified base current 


the second is typical for a high-resistance signal source, where tho 
specified value is the base current, that is, y, ~ 1 and tpz % To, 
(see Fig. 9.7b). For the illustrative purpose, the steady-state values 
of currents and output voltages are taken equal. In Fig. 9.7b aro 
also shown dash curves corresponding to the specified emitter current 
(see Fig. :9.7a). 

«After the input signal ceases, the voltage V,,; drops to zero with 
the same time constant t,,, therefore both slopes of the output signal 
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are equal. Counting off the rise time and the fall time between the 
10% and 90% levels of the steady-state values of KV;, gives 


t, = ty = 2.27 ry (9.19) 


Setting t.o¢ = 5 ns and y, = 0.4, we have tp; ~ 8 ns and t, = 
= t, © 17.5 ns. 
Frequency response for the gain results after replacing the Laplace 
variable s in the transform (9.12) by jo: 
3 K 
where ,;; = 1/t,; is the cutoff angular frequency for the gain at 
a level of 0.7, or 3 dB. 


The modulus and phase of the complex gain K represent respecti- 
vely the amplitude-frequency and phase-frequency response: 


K 
K = 
() TRENT. (9.244) 
@ (w) = —arctan (0/op;) (9.210) 
The shape of these characteristics is the same as for @ (see 


Fig. 4.21). 

Assume that T,5. = 5 ns and y, = 0.4, as we did in the preceding 
example. Then, fry = (1/20) wpy & 20 MHz. 

The input base current that determines the input resistance of an 
amplifier deserves particular consideration. Immediately after 
applying an input signal, when i, = 0, the base current is equal to 
the emitter current (see Fig. 9.7a): 


T, 0) = Te 


The current J, (0) is B + 1 times as high as the steady-state value. 
Correspondingly, the initial input resistance is by a factor of B +1 
below the steady-state value given by (9.7). The base current then 
drops with time, while the input resistance rises until it reaches the 
steady-state value. But since the steady-state base current is only 
1/B as large as the collector current, the transient of base current 
proves f times longer, approximately Bt,. 

In conclusion, let us point out that in the presence of external 
load resistance AR, the expressions for tgo~ and ty. should include 
a smaller quantity R, || A; rather than R,. 


9.5. Simple MOSFET Amplifiers 


In use are two circuit versions of these amplifiers, with a resistive 
load and with a dynamic load (Fig. 9.8). In amplifying stages, 
MOSTs always operate in the flat regions of the characteristics, where 
the transconductance and gain of transistors are the highest. 
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9.5.1. Resistive-load amplifier. In this amplifier illustrated in 
Fig. 9.8a, the quiescent state is characterized by the following poten. 
tials: 

vi = —E, (9.22a) 
V3 = E,— T3Rg (9.22b) 
To bias a transistor into conduction, the voltage V?, must be in 


excess of the threshold voltage; hence, in this circuit the condition 
E,> V, must be met. It is advisable to get the potential V2 to he 


+£y 





Fig. 9.8. MOS transistor amplifiers 
(a) resistive-load; (b) dynamic load 


equal to zero. This facilitates cascading of amplifiers, namely, per- 
mits connecting drain of the preceding stage directly to the gate of 
the next stage. 
The quiescent current J} can be easily found by substituting 
ge = V3 — V® in Eq. (5.8): 


19 = 1/2 b (E, — V,)? (9.23) 


whence, setting the current I$, we readily determine the required 
value of E£,. 

If supply voltages E, and EF, are constant, the drift of dc compo- 
nents Jj and V9 is due primarily to the drift of parameters V, and b. 
As known (see p. 163), there is a critical value of current Jg at which 
its temperature drift is minimum (over the narrow range of tem- 
peratures this drift is close to zero). At currents above the critical, 
the TC of current is positive, and at currents below the critical, the 
TC is negative. 

We now turn to the estimation of voltage gain. Taking the in- 
cremental resistance of a drain in the flat region to be at infinity 
(rg = co),’from the small-signal circuit model of Fig. 9.9 it follows 
that Iz = SV;,, and hence 


Vout = —laRa = —SRVin 
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The voltage gain then assumes the form 
K = Vout/Vin = —SRa (9.24) 


If the resistance rg has a finite value comparable to Rg, the total 
current SV;, will be distributed between the branches Ry and ry. 
The drain current becomes equal to 


Tq = SVinra/(ra + Ra) 
Correspondingly, 


Vout = —JaRa = —S (ra || Ra) Vin 
The voltage gain may then be written in the form 


_ B 


where » = Sry is the amplification factor of a transistor [see 
Eq. (5.18) and footnote on p. 160). 

From Eq. (9.25) it is obvious that the voltage gain can reach its 
maximum (|K |= yp) if Rg >>r,. This condition is practically 


Vig. 9.9. Amplifying stage drain- 
circuit model 





impossible to meet because a voltage drop JjRq turns out to be 
large, and so there is a need for a high supply voltage Ey [see 
Eq. (9.22b)]. The resistance R,, therefore, is equal to or smaller than 
0.2 or 0.3rg, and hence | K |< 0.2u. It can easily be shown that 
Eq. (9.24) applies in this case. 


9.5.2. Dynamic-load amplifier. In this amplifier shown in Fig. 9.80, 
the load transistor 72 operates in the flat region of the characteristic. 
Therefore, the resistance the transistor offers to small signals can be 
found by differentiating the current Jz. with respect to the voltage 
Vaso entering into Eq. (8.47). Considering Eq. (5.19a), we obtain 


Ra = dV go/dl ap = 1/8, (9.26) 


where S, is the transconductance of 72. The internal resistance 
rao here is taken infinite; its inclusion usually is of no consequence. 
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Replacing Ry by 1/S, in Eq. (9.25), p by py, and substituting 
Ta = p,/S,, we find 


K= 


ee i 5 
Hy (So/Sy)+1 Se 


The inequality p (S,/S,) >>1 used to simplify the expression In 
substantiated below. 

Since the currents in both transistors are equal, the ratio S,/S, 
according to Eq. (5.19b) may be written in the form 


Let us introduce the factor B which, with regard to Eq. (5.7), charac® 
terizes the geometry of transistors: 





=FL= aT (9.274) 
With the lengths of channels being equal, 
B=Z,/Z, (9.276) 
The voltage gain may thus be written in the form 
=—VB (9.24) 


So, the voltage gain is determined by the dimensions of channels of the 
active and load transistors, first of all, by the ratio of the widths of 
channels. The ratio Z,/Z, higher than 50 to 100 is difficult to achieve, 
therefore the voltage gain as a rule reaches merely a few units, 
Note that the voltage gain is associated with the quiescent con- 
dition of an amplifier. Indeed, equating the currents of both tran- 
sistors and using the factor B, it is easy to obtain the relation 


Viv = 

gs2 0 

= V =VB=|K| 
gsi "0 


Substitute here the values of V%,, = E, and V§,. = Eq — Vj, 
which are apparent from Fig. 9.8b. The relation between the voltage 
gain and the quiescent condition then assumes the form 


Eqg—(Vg+Vo) ; 
3a | K | (9.29) 
This expression, both in structure and in essen e, is analogous to 
expression (9.6) for a bipolar amplifier. The voltage E, must ob- 
viously be much smaller than E, but noticeably higher than Vy 
to exclude instability. 
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9.5.3. Transients. In ,.MOS transistor amplifiers, transients] are 
associated with the recharge of parasitic capacitance C4 connected 
to the drain of the active transistor (as shown by a dash line in 
Fig. 9.8). This capacitance is the same in structure as that given 
by Eq. (8.52) for MOS transistor switches. 

Assume a step of current arrives at the input of the amplifier. 
The drain current will then change practically at an instant (with 
a very small time constant tg), but the drain voltage will change 
exponentially with a time constant T.. 

The Laplace transform of the voltage gain is easy to obtain from 
Eq. (9.24) replacing Ry by the impedance 


1 


Za= Rally 








After elementary transformations, the voltage gain reduces to the 
form 


pare Ses 
1-+st, 


where t, = C,R,. For a dynamic-load amplifier, R, is understood 
to be the incremental resistance 1/S, of Eq. (9.26). 

The original of the transform given by (Eq. 9.30) is the simplest 
exponential function we have dealt with more than once [see, for 
example, Eq. (9.48)]. The expressions such as (9.419) can apply to 
determine the rise time and fall time. 

The expression for the complex voltage gain also has a traditional 
structure resulting from Eq. (9.30) 

. K 
K= See (9.31) 
where @, = 1/t,. 

Setting Ry = 20 kQ, C, = 3 pF, we have t, = 60 ns, t, = 

= 130 ns, and f, ~ 2.7 MHz. 


9.5.4. Miller effect. In Subsec. 8.7.4 we mentioned this effect. 
in describing Eq. (8.52) for the total capacitance of a MOSFET. 

The Miller effect shows up in that the equivalent input admittance 
of an active two-port (fourpole), being attributed to feedback, differs 
from the admittance inserted in the feedback circuit. 

Consider a concrete circuit of Fig. 9.40a having a complex admit- 
tance Y connected between the output (drain) and input (gate). 
Apply an ac voltage component V to the input. The voltage derived 
from the output then becomes KV, where K is the voltage gain. 
The potential difference obtained across Y thus has the form 


V—KV=V(t1—&) 
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This potential difference causes a current 
I=V(Q1—K)Y 


Since the current is taken off the input signal source, the ratio I/V 
is the equivalent input admittance Yq shown in Fig. 9.40b. Its 
expression is Y,, = Y (4 — &). 

In the circuit under discussion and in most of the other circuits, 
the voltage gain is negative. We then can use a more convenient 


form 
Yeo =(IK[+1)Y 


As obvious, when | K | >> 1 the equivalent admittance can be much 
higher than the admittance really connected in the circuit. 


(a) (8) 


Fig. 9.10. Miller effect 
(a) real circuit with admittance; (b) circuit with equivalent admittance 


In practice, the admittance Y most often represents a capacitance 
(Cgq in the given case). The Miller effect, therefore, commonly 
involves an apparent increase in the input capacitance: 


Cqg=([K|+1)C (9.32) 


lin Eq. (8.32) the quantity K stands for | K | + 1]. However, if the 
circuit gain is positive but lower than unity (as in the follower, see 
Sec. 9.7), the equivalent input capacitance has the form (1 — K)C 
and proves much smaller than the real capacitance between input 
and output, Cga. 

Let us point out that the Miller effect has a general meaning: it 
applies to the analysis of other devices apart from single-stage 
amplifier circuits and the type of active devices. 


9.6. Differential Amplifiers 


A differential amplifier (DA) circuit shown in Fig. 9.11 consists of 
two identical (symmetric, or balanced) branches, each containing 
a transistor and resistor. The current source J, is connected to the 
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common emitter circuit. The output voltage is the difference bet- 
ween collector potentials, and the input voltage is the difference 
between base potentials. 

The structure of a DA is the same as for the current switch of 
Fig. 8.13, but the mode of operation is different: neither of the 
transistors is in the off condition and both work in the active mode. 
The use of current source J, ensures the stability of a steady-state point 
(that is, of currents J? and voltages V%). 


9.6.1. Principle of action. What underlies the function of a dif- 
ferential amplifier is the ideal symmetry of both of its branches, 
that is, identity of the parameters of transistors T7, T2 and equality 
of resistances R.,, R,.. In the ab- 
sence of a signal, the currents and 
collector potentials will be equal, 
and the output voltage will be 
zero. Because of symmetry, Voy; 
remains at zero with the simulta- 
neous and equal changes of cur- 
rents in both branches, whatever 
the causes of these changes. Hen- 
ce, in an ideal DA the drift of 
output voltage does not exist, though 
in each of the branches the drift 
can be comparatively large. 

Let us apply equal base volta- 
ges (AV; = AV»,) known as com- Fig. 9.11. Differential amplifier 
mon-mode (in-phase) signals. The- 
se signals cause the emitter poten- 
tials to change by the same amount as that for base potentials: 
AV, = AV, (since the emitter junction voltages V* may be con- 
sidered invariable). In the case of an ideal current source J, (where 
R, = co), the increment AV, does not tend to alter currents in 
the DA branches. The collector potentials do not change and the 
output voltage remains equal to zero. If R; 34 oo, an increment 
AI, appears: but it will be equally distributed between the two 
branches, so the changes in collector potentials will also be equal. 
Thus, in this case too, V,,; = 0. This means that in an ideal DA, 
common-mode signals have no effect on the output voltage. 

Apply now base voltages equal in magnitude but opposite in sign 
{AV,; = —AV,,), known as differential signals. By definition, the 
difference between these signals is an input signal for the amplifier: 


Vin = AVa, — AVog 


On the strength of symmetry, the input signal V,, will be equally 
divided between both emitter junctions: at one of the junctions the 
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voltage V* will rise by 1/2 V;, and at the other the voltage will drop 
by the same amount. The increments in currents and collector poten. 
tials in the DA branches will thus be equal but opposite in sign. The 
difference-mode operation of the amplifier provides an output voltage 


Vout =. AVen <3 AVeg 


As clear, an ideal DA responds only to a differential signal, hencw 
the name of this type of amplifier. 


Since a differential signal is equally divided between the emitter 
junctions, the midpoint potential (emitter potential) remains in- 


B1 82 






(@ 


‘opel Paid 
AV 54 AV 52 


Fig. 9.12. Common-mode and difference-mode components of an input_ (a) 
and an output (b) signal 


variable. So, in the analysis of differential signals the potential V, 
can be regarded to be specified and the point E grounded for ac com- 
ponents. 

Any combination of voltages AV,,; and AV,,. may be represented 
as a sum of the common-mode and the difference-mode component 
(Fig. 9.42a): 

AV, => Vin Cc + 4/2 Vin D (9.33a) 


AV Vee eH (9.338) 


This representation is convenient because it permits analyzing 
each of the components separately. 
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The common-mode and the difference-mode component of an 
input signal are expressed in the following manner: 


Vin ¢ = 1/2 (AVe, + AVoe) (9.34a) 
Vie SAV = AV (9.34b) 


The output voltage can also be represented by the sum of common- 
mode and difference-mode components: 


Vourc = 1/2 (AV + AV <2) (9.35a) 
Vout v = AVey — AVee (9.35b) 


where AY, is the increment in collector potentials with respect to the 
steady-state potential V2. In Fig. 9.11, the difference components 
Vin p and Vou: p do not have the subscript “D”. 

It is highly important for the operation of a DA that its current 
I, be invariable. If the current source is ideal (R; = oo, see 
Fig. 9.14), the common-mode component of a signal produces only 
an increment in the emitter potential: AV, = AV, = Viz c. The 
currents in the branches and collector potentials remain invariable. 

If the current source is not ideal and thus has a finite resistance 
R,, the increment AV, causes an increment AJ, = AV,/R;. This 
increment, being distributed between both branches of the ampli- 
fier, is responsible for collector potential increments AV, and AV. 
If the circuit branches are identical, these increments are equal, 
AV... = AV... So, only the common component will appear at the 
output as clear from Eqs. (9.35). Where the circuit branches are 
nonidentical, the increments in collector potentials are different: 
AV. ~ AV... The output voltage will then contain a parasitic 
difference component along with the common-mode component. 

Since in an ideal DA a common-mode input signal should not 
cause a common-mode output signal, let alone a differential signal, 
the current-source internal resistance should meet most stringent 
requirements. 

That the operation of a DA relies on the identity of its branches 
explains why these amplifiers (and DA-based circuits) are so popular 
in microelectronics. Only in ICs, where the elements are tens of 
micrometers distant from each other, is it possible to ensure the 
identity of parameters, TCs, and other quantities. Besides, the 
number of elements that aid in improving the quality of a micro- 
circuit is not critical. 


9.6.2. Gains. In a practical differential amplifier, where the bran- 
ches are nonidentical and a current source has a finite resistance, 
the common-mode component of an input signal affects the difference 
component of an output signal, while the input-signal difference 
component affects the output-signal common-mode component. 
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In the general case, the relations between the common-mode anid 
difference-mode components can be expressed as 


Vout C= KecVin co + Kep Vin D (9.362) 
Vout o = KocVinc + KovVin p (9.365) 


Here the factors K are voltage gains of respective voltage components 
from input to output. In an ideal DA, mutual gains Kep and K 
are equal to zero. 

Consider the main parameter of a DA—the difference-component 

gain Kpp, which is often called just the voliage gain and designated 
as K. 
As noted earlier in the preceding section, the emitter potential 
remains unchanged on applying a differential signal and, hence, 
should be taken equal to zero for ac components. Therefore, the 
gain for each circuit branch can be obtained from Eq. (9.5a), setting 
R, = 0. Since each of the branches amplifies the signal 1/2V;, and 
the amplified signals add up at the output, the gain of a DA is equal 
to the gain of the individual branch. 

Assuming R, = 0, from Eq. (9.52) we obtain 


= aRe 
~ Te+(1—a@) (Rg+r0) 


Obviously, the gain of a differential amplifier is much higher than 
for a simple amplifier and can be tens of times as high. So a diffe- 
rential amplifier, apart from being free of drift (or having a rather 
small value of drift), produces a fairly high gain, which is its second 
important merit. 

In the case of low-resistance signal sources (R, being smaller than 
1 kQ) and low working currents (less than 1 mA), the second term 
in the denominator of Eq. (9.37a) can be neglected. Hence, 


K = —a (R.Jre) (9.378) 


Substituting here R, from Eq. (9.2b) and re = gr/I2 from (4.41) 
gives the gain of the form 


Assuming E, = 12 V and Ve = 2 V, wejhave K = —400. As with 
a simple amplifier, the gain of a DA is seen to be related to the 
supply voltage and the quiescent collector voltage cf. Eq. (9.6) and 
(9.29)]. But the denominator in Eq. (9.38) has a much smaller value, 
unattainable in simple amplifiers because of stability requirements. 
As with other circuits discussed above, the gain (at a given Ve) is 
independent of working current. It depends on temperature through 
the quantity gr. 


(9.37a) 
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The common-mode component gain, according to Eqs. (9.36), is 
defined as 


Voutc 
K = ou 
Ce Vine Win p=0 


In Fig. 9.41, therefore, we need to connect the two bases together, 
with the signal V;, ¢ applied to both. Setting V* = constant gives 
AV. = Vin c. If the current source resistance here is equal to Rj, 
the current J, changes by AJ, = Vi, c/R;, and collector potentials 
by —a (1/2AJ,) R,. Then 


Kec = — (@R,)/2R; (9.39) 


Commonly, R,/R;< 1, and hence Kec <1. 

The gain Kcp, according to Eqs. (9.36), characterizes the effect 
of the difference input component on the common-mode component 
of output voltage: 


Voutc 
K wae ou 
CP" Vind |Win c=0 





Since the differential signal is equally distributed between the 
two emitter junctions, the main cause of changes in the mean col- 
lector potential is unbalance of the gains of circuit branches. We 
thus can assume 


Kep = AK 


where AK = K, — Ky. Multiplying and dividing the right side by 
the mean gain 
K = 1/2 (K, + K,.) 


and considering that the main cause of unbalance of the gains is the 
difference between the resistances R,, we set AK/K = AR,/R.. So, 


Kep = K (ARJ/R,) (9.40) 


For example, if (AR,/R,) = 0.02, then Kcp= 0.02 K. Hence, 
a change in the de component of collector potentials due to a differential 
signal is a few orders of magnitude smaller than the output voltage. 


9.6.3. Common-mode rejection ratio. According to Eq. (9.36), 
the gain Kpc defines the effect of the common component of an 
input signal on the difference component of an output signal. This 
effect is rather substantial because the summand K pcVinc, being 
indistinguishable from the summand KppViz p, is equivalent to 
a false signal. Since in practice the component V;,, ¢ can be thousands 
of times as large as Vj, p, the value of Kpc must be smaller than 
K pp by a few orders of magnitude. The ratio between the absolute 
values of these two quantities, is defined as the common-mode rejection 
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ratio (CMRR) expressed in decibels and denoted here as Kp: 
Kp = 20 og | Kop | (9.41) 


Kpc 
Thus, if | Kpp/Kpc | = 104, then Kp = 80 dB. 

A widespread type of common-mode signal is various noise (both 
internal and external) and also stray pickup, which act simultaneous- 
ly on both inputs. That is why an increase in Kp is one of the basic 
ways in raising the noise stability of a differential amplifier. 

To evaluate common-mode rejection, let us suppose that the current 
source resistance is equal to R; (the same as in the above examples) 
and the asymmetry of DA branches is as follows: 





a, =a-+ Aa, a. =a— Aa 
Ry = Re + AR., Ree R,— AR, 


where a and AR, are mean values. 

As mentioned earlier, an increment in current J) due to a common- 
mode input signal is V;, ¢/R;. Let this increment be equally divided 
between the emitter junctions. The changes in collector potentials 
can then be written as 


AV. = —Q, (Vin c/2Ri) Rea 
AV eg = —Ge (Vin c/2Ri) Res 


Equating the difference between these increments to the augend on 
the right of Eq. (9.360) and substituting the above expressions for 
3, &, Ry, and Reo, it is easy to define 
- Re ( Aw , ARe 
Koc= —@ R; ( a a Re ) 

The common-mode rejection ratio in the linear (not logarithmic) 
form can be found dividing the gain K pp by K pc. Using Eq. (9.370), 
we shall represent Kp in the following general form 

1 R; 
K taal ars (9.42) 
Here 6 is the asymmetry (unbalance) coefficient for a DA, that is, the 
sum of relative spreads of the parameters in its branches: 
AR, 
Re 


This sum can be supplemented, of necessity, with the spread in other 
parameters of transistors. 

In deriving Eq. (9.42) the signs of increments Aa and AR, were 
taken positive since it was assumed that Rey > Rey and a, > Ge. 
The asymmetry coefficient was thus found to be the arithmetic sum 
of relative increments. In practice, both increments are independent 


ll 











Aa 
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and uncontrollable, that is, they can differ in value and sign. The 
worst-case approach presupposes the calculation of the asymmetry 
coefficient as the sum of moduli of the maximum possible or most 
probable relative increments. In practical DAs, the coefficient 6 
can be smaller and Kp larger than the calculated values. 

Since they have a smaller asymmetry coefficient, IC differential 
amplifiers ensure larger values of Ky than DAs using discrete tran- 
sistors. 

From expression (9.42) an important conclusion follows: the com- 
mon-mode rejection ratio is directly dependent on the current source 
resistance R,. Consequently, this resistance must be as high as pos- 
sible. The simplest current sources of the resistive type (see Fig. 8.15) 
are unsuitable for use in DAs. 


9.6.4. Input resistance. Consider the input resistance of a DA for 
the difference component and that for the common component of a 
signal. These resistances differ substantially in value. 

For a difference component, the input resistance is twice the 
input resistance of each half of the DA. Using Eq. (9.7a) and setting 
R, = 0, we get 


Rin p = 21(B + 4) re + rol (9.43) 


If B = 100, r, = 25 @, and rz, = 150 Q, then Rizpp = 5.35 kQ. 
The resistance r, is inversely proportional to the quiescent current /?. 
To increase the input resistance, therefore, it is advantageous to use 
a DA in the region of small currents (in the microampere region). 
Besides, it is practicable to employ transistors with a high gain f, 
for example, Darlington pairs (see Sec. 9.2). Thus if J? = 50 pA 
and 6 = 2000, then re = 0.5 kQ and Rin p & 2 MQ. 

For a common component, the input resistance is a function of 
the current source resistance R;. Setting AV, = Vin ¢ gives the 
increment AI, = Viz c/R;. Correspondingly, ATI, = 1/2 AI, and 
Al, = 1/2 (14 — a) Aly. Dividing Viz ¢ by 2ATZ, and passing from 
a to B, we find the common-mode input resistance: 


Rnc = (B+1)R: (9.44) 
Because R; >>r., the resistance Ri, ¢ is much higher than Rj, p. 


9.6.5. Dynamic range. Under the dynamic range one understands 
a ratio of the maximum to the minimum input signal, expressed in 
decibels. A minimum signal is limited by intrinsic (internal) noise, 
and a maximum signal by nonlinear distortion of the signal wave- 
form. A maximum permissible signal can approximately be estima- 
ted using the criteria of cutoff or saturation of a transistor. 

Assume V? = 1/2 E, in the quiescent state. A positive input signal 
causes the potential V, to drop down to zero (the transistor then 
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stays in saturation). With the negative polarity of an input signal, 
the potential V, rises and approaches £, (the transistor then goes off). 
So, in both cases the maximum increment AV, reaches 1/2 £.. 
Dividing this value by the voltage gain of Eq. (9.38) gives the maxi- 
mum permissible input signal: 


Vin max = Pr (9.45) 


The signals equal to 7 are practically unacceptable, because at 
the edges of the range the emitter current changes heavily, along 
with the resistance r, and the gain. This results in large nonlinear 
distortion. For the signal distortion to be small, signal amplitudes 
must lie within 0.597. 

Common-mode signals can be far larger than differential signals 
since Kec is much smaller than Kpp. Let us write the relation 
between the collector potential and common-mode signal, taking 
V2 equal to 1/2 E,: 


V.= 1/2 E,4+ KecVin c 


Substituting V, = Vi, c (saturation condition) or V. = E, (cutoff 
condition) into the right side, we obtain the maximum positivo 
and negative common-mode signals respectively: 


Vince max = E,/(4— Kec) (9.46a) 
Vin C max = E./2K ce (9.46) 


where Kec < 0 [see Eq. (9.39)]. Because | Kec | is usually smaller 
than unity, it is easy to see that common-mode input signals can 
reach a few volts and even approach the values close to E,. 


9.6.6. Offset and drift compensation. In a practical differential 
amplifier, parasitic voltages and currents, which are present in tho 
quiescent state, affect the output signal in the process of amplifying 
an ac component. 

Inevitable asymmetry of the circuit branches in a practical DA 
is the cause of a finite output voltage difference V2; — Vt. (un- 
balance) in the quiescent state. An equivalent differential signal at 
the input that corresponds to the above output voltage 


Vor, = (Vea — Veo)/K (9.47) 


is called the input offset voltage. To eliminate the unbalance of 
output potentials and thus bring the output voltage to zero, ono 
must apply an input differential signal equal to V,;; but of tho 
Opposite sign. 

The offset voltage consists of a few components, each being depen- 
dent on the spread in such quantities as emitter currents /,, col- 
lector resistance R,, and others. 


9.6. Differential Amplifiers 339 


The spread in emitter currents (with voltages V, being equal) 
results from the spread of thermal currents in emitter junctions 
Isee Eq. (4.360)]: the smaller the current J, , the smaller will be 
the current J,. To balance out the emitter currents, an “equalizing” 
(differential signal V,;;, should be fed to the input. This signal must 
have such a polarity and such a value that the voltage V, in a tran- 
sistor with smaller current J,9 should rise in magnitude, while V, 
in a transistor with higher current J.) should decrease to make the 
emitter currents equal: 


Ver = Vet 1/2 Voss = Or In (Le/Le01) 

Ven =Ve— 1/2 Vosys = Gr In (Le/T ez) 

Subtracting the second equality from the first gives 
Voss = Or In (Leo0/Teo1) (9.48) 


Thus, if thermal currents differ by 20%, then V,;;, + 5 mV. 
The next important component of offset voltage is attributed to the 
spread in R,. Let currents in both branches be the same. The differ- 
ence between collector potentials in the quiescent state will then be 
equal to 
Ve, — Ve. = al AR, 


Dividing this potential difference by the gain (9.37b) and substi- 
tuting r. = @7/(1/2Jo), we find the second component of offset 


voltage: 
Votte = 297 (AR/R-) (9.49) 


For example, if AR,./R, = 0.02, then Vos;. ~ 1 mV. A smaller 
value of this component over the first [compare with the example to 
Kq. (9.48)] is typical of differential amplifiers. Other components 
associated with the spread in a, r,, etc., are still less significant. 

It should be kept in mind that the offset voltage is temperature 
dependent. This dependence is characterized by temperature sen- 
sitivity, or temperature drift ey, which is commonly expressed in 
wv? Cot, 

For the main component of offset voltage V,;, (resulting from 
the unbalance of emitter currents) the temperature drift may be 
estimated as the difference between the temperature drifts in V., 
and V,, with the emitter currents balanced out [see formulas prece- 
ding Eq. (9.48)]. Using Eq. (8.23), it is easy to find 

by = &y — &, = Voz /T (9.50) 
For example, if we set Vos;; = 5 mV and 7 = 300 K, then ey & 
~ 17 wv’ Co, 

From Eq. (9.50) it is obvious that the temperature drift ey de- 
creases with a decrease in offset voltage. However, at Vos;; << 1 mV 


ae 
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such a proportionality is upset because the main component of 
offset voltage becomes the quantity Vs. arising from the unbalanco 
of resistances R, [see Eq. (9.49)]. The temperature drift in Voyyy 
is the function of TC R,, that is, it depends on the type and structurv 
of resistors. 

Along with the initial unbalance of collector potentials, there also 
exists an initial unbalance of input (base) currents AJ,,. This para- 
meter is known as an input-offset current, or just the input current 
difference. 

In an ideal DA, the currents in both branches are equal, AJ;, = 0. 
In a practical DA, there is a difference between these currents that 
may be written in the form 

Al,, = Tex —_ Teo pe Tey as, Tes 
in” Br+1 Bett ~ By By 
Using relations [,, > J,. and B, < B, specific to most unfavour- 
able conditions we can readily obtain: 
Io ( Ale , AB ' 
Alin=—$ (E+) (9.51) 
where 7, and B are mean values (J, = 1/2 J,). Asis apparent, tho 
offset current decreases with a decrease in the working current of a 
DA and with an increase in the gain B. 

A significance of parameter A/;, lies in that the offset current 
flowing through a differential-signal source resistance Rgp produces 
a voltage drop Al;,Rgn. This voltage is equivalent to the offset 
voltage, or false signal. If AJ;, = 20 nA and Rgp = 100 kQ, then 
AlinzR pp = 2 mV. 

One more parameter of a DA that plays an important part is an 
average input current: 


Tin av = 1/2 (ox as Ty2) 


In estimating this parameter, we may use the mean values of baso 
currents, Ip, = I,, ~ I,/B. So, 


Lin ap = 1/2B (9.52) 


The approaches to decreasing J;, g» are the same as for AJjy. 

From the comparison of Eqs. (9.51) and (9.52) it follows that tho 
offset current is much smaller than the average input current, typi- 
cally by a factor of 10. 

The significance of J;, gy lies in that this current flowing through 
a common-mode signal source resistance R,c produces a voltage drop 
equivalent to the common-mode signal. Being multiplied by Kpc, 
this signal causes an initial unbalance of potentials at the output. 

Both the average input current and the input offset current depend 
on temperature, that is, each exhibits its own temperature drift. 
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From Eggs. (9.54) and (9.52) it is clear that these drifts are dependent 
first of all on the B-7 relationship. The temperature drifts of current 
parameters are proportional to the parameters proper, so that a 
decrease in the latter entails an increase in temperature stability. 


9.6.7. Transients. The character of transients in a DA is the same 
as in a simple amplifying stage (see Fig. 9.7). The analysis performed 
in Sec. 9.4 keeps valid here too. But the quantitative parameters 
such as the time constant and rise time prove worse than in a simple 
stage. 

Write the time constant t,, in the same form as that of Eq. (9.16): 


Thy = Toe! (4 ah Bye) 
In Eq. (9.17) for y, we set R, = 0. Whence, 
Yo = Tel (Te + Rg +7») 


Other things being equal, the factor y, in a DA is apparently smaller 
than for a simple amplifier, and hence the time constant Tp; is 
larger. Thus if r, = 25 Q, r, = 150 Q, B = 100, R, = 1 kQ, and 
if R, = 2 kQ in the simplest stage, then the speed of response of a 
DA proves a factor of 20 lower than for the simplest stage. 

With a decrease in the working current, the resistance r, grows 
in accordance with (4.41) and so does the factor ,. In the limit, 
when y, + 1, the time constant t,,; will be 1/(B + 1) as large as 
Toe; in other words, it converts to the equivalent time constant T,,, 
given by Eq. (9.11). But this does not imply that a substantial 
change in the speed of response takes place, because a decrease in 
current, as follows from Eq. (9.2b), must involve an increase in R,, 
and the latter quantity determines the value of Tg oe. 

A practical approach to increasing the speed of response is that 
defined in Sec. 9.4, which presupposes a decrease in signal-source 
resistance and improvement in hf parameters of a transistor. 


9.6.8. Voltage multiplier mode. The task of multiplication is to 
obtain an output voltage proportional to the product of two input 


voltages: 
Vout = kViniV ine (9.53) 


where k is the proportionality factor. 
There are few circuit versions of multipliers. One of the popular 
types uses a differential amplifier. Replacing the quantity r, in 
iq. (9.37b), by @r/I. according to Eq. (4.41) and taking into account 
the relation I, = I) /2, we may write the output voltage in the 
form 
aR, 
29r 





Vout = KVint = ie Ip Vins (9.54) 
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where the subscript “4” identifies the input voltage. As seen, it is 
sufficient to ensure the dependence J) ~ Vin. for the DA to enablo 
it to perform the function of a multiplier. In other words, it is 
necessary to control the current /) which so far has been considered 
invariable. 

A typical current source for the DA is a transistor connected in tho 
circuit as shown in Fig. 9.35a. Here the element Z is a load; in the 
given case, this is a DA emitter circuit (the lower terminal of L 
corresponds to the point E& in Fig. 9.11). The element D is a silicon 
(reference) diode providing a base bias EZ) and determining the valuo 
of J, (J) in the given case). If we now apply a sufficiently large 
signal V;,.>>V* instead of tho 
bias Ey, the expression for Jy will 
assume the form 

I, = Vine —V* me Vine 
. Ro ~ Ro 
Substituting this expression into 
(9.54) gives the relation (9.53), 
in which 
_ _ Re 
29rRo 


Thus, the DA with a _ controlled 
gain' is in principle capable of 
voltage multiplication. But tho 
parameters of such a simple mul- 
tiplier turn out to be not high enough. First of all, the device shows 
a significantly limited dynamic range: the relation (4.41) is only 
valid if Viny < @r- The voltage V;,. is a common-mode signal which, 
as known, “leaks” through to the output and distorts small ac sig- 
nals. The polarity of V;,,. is also limited since it must be positive. 

By elaborating a DA circuit, it becomes possible to obviate tho 
above limitations to a considerable degree. Such circuits perform 
multiplication functions over a large dynamic range to a high accur- 
acy. Note that multipliers can be used not only to perform a matho- 
matical operation (9.53), but also amplitude-modulated hf voltage by 
lf voltage. This is one of the most important problems involvod 
in communication and radio engineering. 


ee 








Fig. 9.13. MOS differential ampli- 
fier 


9.6.9. MOS transistor differential amplifier. The circuit of a simple 
DA based on MOS transistors appears in Fig. 9.43. The branches 
of this DA are simple dynamic-load stages (see Fig. 9.8b). 

Since the differential signal V;, is equally divided between tho 
gate-drain regions of active transistors 77 and 73, the voltage gain 


1 The controlled gain here is often referred to as “controlled transconduct 
ance” because for a transistor, S = a/r, (see p. 161). 
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of the DA may be considered to be the same as for the individual 
stage: 


K=—S,/5,5V 8 (9.55) 


where the parameter B = b,/b, characterizes the geometry of tran- 
sistors T7 and T2 [see Eq. (9.27)]. As with a simple stage, this DA 
has a limited value of K, typically 5 to 7, which is much lower than 
for bipolar DAs. 

Determine the common-mode gain using the following relation- 
ships. A common-mode signal causes common-gate and gate-drain 
voltage increments (see Fig. 9.13): 


Vince = AV gs + AV, 
The voltage AV,, gives the increment 
AI, = S AVg, 
and the voltage AV, the increment 
_ AV, _Vinc—AVgs 
Aly= ae Se 


The increment AJ) is distributed equally between the two branches 
of the DA, and so AJg = 1/2 Aly . Substituting the above expressions 
for currents into this equality, we find 


AV gs = Vin cl(25R; +1) (9.56) 


Multiplying AV,, by K and dividing by V;, ¢ produces the gain for 
the common-mode component: 


Keo = K/IQ2SR; +1) (9.57) 


The gain Kec is obviously smaller than K (usually by a few orders of 
magnitude) and generally comes to merely fractions of unity. 

The gain Kpc that forms the basis of the common-mode rejection 
ratio results from the following. Let the DA branches be asymmetric 
so that K, + K, (the subscripts refer to TZ and 73). In this case 
the differential output signal caused by the common-mode input 
signal can be written as 

Vout n= (Ky— Ks) AV gp = (Ki—Ks) ef 

where AV,, is such as given by Eg. (9.56). 

Setting K, = K+ AK, K, = K — AK (where K is the mean 
value), and dividing V,u: p by Vin c, we obtain 


Koco = 2AK/(2SR; + 1) (9.58) 


Find the common-mode rejection ratio dividing K by Kpc. 
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Write it in the general form analogous to Eq. (9.42): 


Kp = (2SR,; + 1)/26 (9.59) 
Here 6 is the asymmetry coefficient, which in the given case has 
the form 
6 = AK/K 


Using Eq. (9.55), we can represent the coefficient 6 as a sum of indi- 
vidual spreads explained above in describing Eq. (9.42). 

From Eq. (9.59) it is clear that the basic way for raising Kp is 
to increase the transconductance of active transistors and the resist- 
ance of a current source. For example, if S = 1 mA/V, R; = 0.1 MQ, 
and 6 = 0.04, than Kp will equal 2 500 (about 70 dB). This para- 
has of MOS transistor DAs is generally smaller than for bipolar 

s. 

Input resistances (both for differential and for common-mode 
signals) may practically be thought of as being infinitely large; 
they usually range between 10'° and 10%? Q. The input currents are 
respectively negligible. From this it follows that such parameters of 
aDA as the input-offset current (the difference between input currents), 
mean input current, and their temperature drifts are not limiting 
factors when using MOS differential amplifiers. 

In bipolar DAs, the main component of voltage V,,;; stems from 
the spread in emitter thermal currents (see Subsec. 9-66). In MOS 
differential amplifiers, this component is due to the spread in thre- 
shold voltages and specific transconductances of active transistors, 
that is, the parameters dependent not only on the geometry and 
electrophysical properties of a chip, but also on the conditions of 
its surface [the specific transconductance depends on the surface 
conditions through the surface carrier mobility as clear from Eq. (5.7)]. 
As known, it is more difficult to control the surface conditions than 
the bulk properties of a chip and its geometry. The voltage V4; 
is therefore higher than for bipolar differential amplifiers. 

The transient response of MOS differential amplifiers is the same 
as for simple stages that form the branches of a DA circuit. The 
requisite expressions for transients were given in Subsec. 9.5.3. 


9.7. Emitter Followers 


Followers are amplifiers with a voltage gain close to unity, which 
reproduce the input signal without polarity reversal and present an 
increased input resistance and decreased output resistance as against 
simple amplifying stages. 

The classical circuit of an emitter follower (common-collector 
amplifier) and its small-signal model appear in Fig. 9.14a and b 
respectively. It is easy to see that the emitter follower differs from 
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the simplest amplifier of Fig. 9.3a only in that its output voltage 
is taken off the emitter rather than off the collector and that its 
collector circuit has no resistor R,. 


9.7.1. Voltage gain. Inspection of the circuit in Fig. 9.14a indi- 
cates that if R, = 0 and V* = constant, then the input signal fully 





(a) 


ie . 9.14. Schematic diagram (a) and small-signal circuit model (5) of an emitter 
ollower 


goes to the output: V4; = Vin, and so K = 4. Considering the 
resistances R,, ry, and r,, from Fig. 9.14b we obtain the relation 


Vout = Vin — Ip (7, + Rg) —T ere 


where V,y;=/,R, and J, = (1—a). 

From this relation it is easy to find the value of J, and then express 
Vout in terms of V,,. The voltage gain of a follower will then assume 
the general form ‘ 

Re 
R= Retr U—@) (oF Rp) eer 
For example, if Rg =0, Re = 5 kQ, r, = 25 Q, r, = 150 Q, and 
6 = 100, then K will be near 0.995. If R,z = 2kQ, then K decreases. 
a little to about 0.994. 

With an external load resistance AR; connected to the circuit, as 
shown by a dash line in Fig. 9.14, the gain drops off still more because 
of the replacement of R, by R, || R:. 

From Eq. (9.60) it is seen that the voltage gain is positive. This 
means that the follower does not reverse the polarity of an input signal 
or, in the ease of a sinusoidal signal, does not reverse iis phase (at 
sufficiently low frequencies, of course). 

Despite the fact that the follower never provides a voltage gain 
in excess of unity, the device belongs to the class of amplifiers 
because it amplifies current. This is obvious from the well known 
relation between the output (emitter) current and input (base) current: 
I, = (6B +1) 1J,, where B > 1. 
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9.7.2. Input resistance. The input resistance of the follower shown 
in Fig. 9.14 is described by the same formulas (9.7) as for the simplost 
amplifier. In the general case, 


Rin = (B + 1) (Re + Te) + To (9.61a) 
and in a particular case, where r, and r, may be disregarded, 
Rm = (B + 1) Re (9.64) 


The external load resistance R; being allowed for, the resistance 
Rin becomes smaller. 

In distinction to an amplifying stage, the follower permits an 
increase in R,, along with the input resistance, without practically 
changing the voltage gain [cf. Eqs. (9.5a) and (9.60)]. A rise in R,, 
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Fig. 9.15. Emitter followers with increased input resistance 
(a) having current source as load; (b) using Darlington pair 


however, necessitates an increase in supply voltage E, to retain the 
desired value of quiescent current /? given by Eq. (9.2a). The limi- 
tations of such an approach to increasing the input resistance are 
obvious. A practical approach is to insert a current source into tho 
emitter circuit or to use a composite transistor. 

Figure 9.15a illustrates an emitter follower with a current source 
I, in place of R,. If the current source is ideal (R; = oo), then 
Rin = co according to Eq. (9.61). In reality, the input resistance 
has a finite value conditioned by the collector junction resistance 
(shown by a dash line in Fig. 9.15a). So far this resistance has been 
disregarded because its role is insignificant in conventional ampli. 
fiers. But in the given case, where the emitter circuit is “open” for 
ac components (because the emitter current has a fixed value), tho 
resistance r, represents the only element through which the input 
current can flow. So the maximum value of input resistance for a 
follower (and any other amplifier) 


Rin max = Te (9.62) 
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At I, = 1 mA, r, comes to 2 or 3 MQ. As the current decreases, r, 
rises according to Eq. (4.42), but its upper limit depends on leakage 
currents through the collector junction. 

At a finite current-source resistance R;, the input resistance of a 
follower will be lower than r,. The input resistance can be regarded 
as r, connected in parallel to (6B + 1) R;. 

Figure 9.15b shows the follower using a Darlington transistor 
(see Fig. 9.1a). A composite transistor is known to feature a rather 
high current gain B ~ B,f, [see Eqs. (9.1)]. According to Eqs. (9.61), 
therefore, in the follower connected in a Darlington circuit, it is easy 
to obtain a high input resistance at a comparatively small resistance R,. 
For example, if R, = 2k and B = 2 000, then the calculated value 
of R;, would be equal to about 4 M®. As with the preceding circuit, 
this circuit has the real value of R;, limited by r, [see Eq. (9.62)]. 


9.7.3. Output resistance. This resistance can be found proceeding 
from the general definition given on p. 319. First, set R; = co (see 
Fig. 9.14). In this case, 


(Vout)oc = KV in 


where K is the voltage gain of Eq. (9.60). Set now Ri= 0, that is, 
short out the resistance R,. Then, 
UE yf 
outishe “re + (1—&) (Rg +o) 


[see, for example, Eq. (9.4)]. Dividing the open-circuit voltage by 
the short-circuit current and substituting the expression for K, we 
can readily present the output resistance in the form 


Rout = R. ll Ea + (1 a, a) (Rg + r»)] (9.63a) 


The external component R, is usually of little significance as also 
is the component (1 — a) r, against r,. For practical emitter follower 
circuits, therefore, we may use a simplified expression 


1 
Rout=Tet Bry Re (9.630) 


As seen, in the general case the output resistance depends on the 
signal source resistance. But at sufficiently large values of B (when 
using the Darlington pair, for example) the addend in Eq. (9.630) 
may be omitted. The output resistance is then minimum, being 
determined only by the emitter junction resistance: 


Rout min = Te (9.64) 


It can be readily noticed that the ratio of the input to the output 
resistance in a follower is significantly larger than for a simple am- 
plifying stage and differential amplifier, in which this ratio does not 
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exceed the value 6B + 1. The ratio between the maximum input 
resistance of Eq. (9.62) and the minimum output resistance of 
Eq. (9.64) is r./r., typically over 50 000. This ratio is independent 
of working current since both r, and r, are in inverse proportion to 
current. 

Because of the large difference between the input and output 
resistances, the follower finds wide use as a buffer stage, or an 
impedance transformer. This function is illustrated in Fig. 9.16. 


Fig. 9.16. Emitter follower as a buf- 
fer stage 





Assume there is a signal source V;, with resistance R, and a load 
with resistance R;, where R, > R:. Connecting the load directly 
to the source V;, produces a very low voltage gain: 


Vout sR 

Vig Rea 
If we now connect the buffer stage of Fig. 9.16 between the source 
V;, and load, making sure that the relations Rj, > Rg and Rour< 
< R; typical of the emitter follower hold good, the circuit will 
maintain a voltage gain of near unity. So, the buffer stage can arti- 
ficially, as it were, decrease the signal source resistance or increase 
the load resistance. Hence, it really acts as an impedance transformer 
(impedance-matching circuit). 

In particular, a buffer stage can be used to reduce R, at the input 
of a differential amplifier and thus raise its speed of response (see 
Subsec. 9.6.7). Buffer stages also find extensive use where capacitive 
loads are present (cables, long wires, intricate interconnection pat- 
terns in ICs). At rather high frequencies, the impedance of a capa- 
citive load becomes small, and its direct connection to a_high- 
resistance signal source results in a decreased voltage gain, as men- 
tioned earlier. A buffer stage enables improving the transmission of 
a signal at high frequencies and widening the operating frequency 
range of amplifiers. 





9.7.4. Transients. The equivalent circuit for the analysis of tran- 
sients is presented in Fig. 9.17. The formal analysis of this circuit 
is simple, but leads to awkward and poorly illustrative expressions. 
Therefore, it is more useful to consider characteristic features of a 
transient process and apply approximate calculation formulas. Let 
us initially disregard capacitances C, and C; and apply a step signal 
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V,, to the input. Since at the first moment the collector current does 
not vary (the current generator stays inactive), the circuit converts 
to a passive resistive network. This means that some time after 
application of the signal the circuit does not provide the gain in 
power. 

The initial currents and output voltage are given by 


Vin 
Tin (0) =I (0) = Te OS eres, (9.652) 
R 
Vout (0) =F I, (0) R. = Vin Peskep rea (9.650) 


The initial voltage gain is 
K 0) = R/(Re + re +ro + Rg) (9.66) 


As a certain time elapses, a step 7, (0) causes the collector current 
to augment. The increments in J, are distributed between the emitter 
and base circuits in inverse proportion to their resistances. 

If the signal source resistance is sufficiently small (Rg < R,), the 
increments AJ, mainly go to the base circuit. Correspondingly, the 





Fig. 9.17. High-frequency emitter 
follower circuit model 


emitter current and hence the output voltage change insignificantly 
and remain close to the initial values (see solid lines in Fig. 9.18a). 
The rise time 7,, taken between the 10% and 90% levels of the 
steady-state current proves equal to zero; in other words, the leading 
edge builds up instantly. But the transients in the collector and the 
base circuit proceed in a rather clearly defined manner: the collector 
current grows from zero to the steady-state value a/J, and the base 
current drops from the initial value J, to (4 — a)J,. The ratio 
between J, and J, thus rises, that is, after a certain time the follower 
begins to amplify power. Since the emitter current remains almost 
constant, the collector and base currents both change with a time 
constant T,. 

If the condition Ry < R, is not met, the transient proceeds in a 
somewhat different way (see dash curves in Fig. 9.18a); namely, the 
initial surges of the emitter current and output voltage become 
smaller and the subsequent increments of the collector current branch 
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out not only into the base circuit but also, to a large extent, into 
the emitter circuit. The current J, and voltage V,,,; then noticeably 
grow during the transient. As seen from the figure, t,, here has a 
finite value. The collector current and also other quantities chango 
at a time constant given by Eq. (9.13). But in this expression it is 
necessary to replace T,,.- by T,,, since at the beginning of the analysis 
we have neglected C,. Thus, 


Tht = Te/(4 = Ve) (9.67) 


Commonly, t,, ranges from 2 to 5t,. 

Allow for C, now, but first set t, = 0, that is, disregard the time 
lag of the processes in the base. On applying a step input, the input 
current first fully flows through the capacitance, while the transis- 
tor currents and output voltage remain constant. As the capacitance 
charges, the transistor currents and output voltage smoothly grow 
to the steady-state values (see solid curves in Fig. 9.180). 

The time constant of the transient is determined by C, and resist- 
ances shunting this capacitance (see Fig. 9.17): 


te = Col(Rg + 7) || (Re +17)! (9.68) 


The leading edges of pulses will grow exponentially; the pulse rise 
time from the 10% to 90% level of the steady-state value is 


tp = 2.24, (9.69) 


The time constant t, is typically equal to about 0.5 to 1 ns. With 
an ideal signal source (R, = 0), t, practically coincides with tho 
base time constant given by Eq. (4.65): t, = C.ry. The values of 
this quantity range from 0.1 to 0.2 ns and below. 

The initial “peak” of input current (see Fig. 9.18b) by far exceeds 
the steady-state value of base current. Indeed, the voltage acrossC,. 
does not change at the first moment, and hence the initial input 
current is dependent on the input voltage and base circuit resistance: 


Tin (0) — Vinl(Rg + ry) 


For example, if Vi, = 0.14VandR, +r, = 1kQ, then J;, (0) = 
= 0.1 mA; in the steady state, however, at R;, = 100 kQ, the current 
is J;, = 1 wA, or one-hundredth as large. 

Show now that formula (9.69) holds for the approximate esti- 
mation of a pulse rise time with regard to both inertial factors such 
as the collector capacitance and the transit time for carriers in the 
base. For this, consider two limiting cases: t, > 2t,,; and ™ < 
< 0.5t,;., The first is specific to comparatively high-resistance 
signal sources, and the second to comparatively low-resistance sources. 

For the first case, tps is of little significance. So the transient is 
characterized by t, and the rise time is defined by formula (9.69). 
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For the second case, the transient proves “composite”. Really, the 
currents J, and J, grow with a time constant t,, that is, faster than 
does the current J, which rises with a time constant t,+. So it can 
be assumed that at the first stage the currents 7, and J, both reach 
a maximum described by Eq. (9.65a), and at the second stage the 
current /,, branching out into the low-resistance base circuit, reduces 


Vin Vin 
Vin Vin 





Fig. 9.18. Transients in an emitter follower with the collector capacitance dis- 
regarded (a) and considered (b) 


the base current to the steady-state value. The emitter current and 
hence the output voltage remain almost constant at the first stage. 
Consequently, the rise time is determined by the duration of the 
first stage, that is, by formula (9.69). 

For an intermediate case (t, © tp;), the transient is found to be 
more complicated, but the calculations show that formula (9.69) 
gives acceptable results here too. 

If the load capacitance is rather small, namely, if C\R, < Te, 
then it may be regarded as being connected in parallel with the 
collector capacitance. The rise time and the fall time then grow 
accordingly. But if the load capacitance is large, the rise time and 
the fall time may become different in value (see next subsection). 
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9.7.5. Lockout of a follower. A specific transient process taken 
place in a follower at a sufficiently large load capacitance C; (see 
Fig. 9.47). At the first moment after arrival of a step input, tho 
voltage across the capacitance C, does not change, and hence the 
emitter potential remains constant. So, if the signal V;, is negative 
in sign and in excess of V* (Fig. 9.19), the voltage at the emitter 

’ junction becomes reverse, which 
W=0 g ty ¢ drives the transistor into cutoff. 

Next, the capacitance C, dis 
charges via R, with a large time 
constant C\R,. The transistor 
turns fully on only when tho 
base-emitter voltage reaches V* 
(at ¢, in Fig. 9.19). The descri- 
bed effect that causes the tran- 
sistor to go temporarily off at 
large negative signals -received 
the name of follower lockout. 

Fig. 9.19. Transients in an emitter As known, to render a silicon 
follower at high load capacitance transistor nonconductive, the re- 

verse bias on the emitter junc 
tion is not obligatory: it is enough to have the forward bias 0.4 or 
0.2 V below the value V*. Therefore, lockout can occur even at 
small negative signals, 0.2 or 0.3 V. 

As a result of lockout, the fall time exceeds the rise time, tho 
latter being determined by formula (9.69) as before. As regards 
the fall time, this can be readily found from the expression describ- 
ing the discharge of a load capacitance via R, (see Fig. 9.19): 


v, (t) = —V*e “U— EF, (1—e /) 


where t; = C.R,. Substituting V, = —Vj;, — V* (the on condi- 
tion for the emitter junction at ¢, in Fig. 9.19) into the left sido 
of the expression, we find 

ty=t In (1-74) (9.70) 

f I Ee—V*) . 
For example, if t; = 40 ns, EH, = 2 V and Viz = 0.5 V, then @, 
would equal about 24 ns. This value of ¢; is much higher than tho 
typical values of f,. 

It should be pointed out that the follower lockout and the diffo- 
rence in ¢, and t, presuppose the application of a step input; other- 
wise C, has time to “follow up” a negative input signal and the 
lockout does not occur. A criterion for lockout may be an inequality 


thin <ToCy 


where ft; ;, is the input pulse fall time. 
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9.7.6. Level shifters. In a multistage amplifier, the base of each 
successive stage receives not only a useful signal but also a dc vol- 
tage component from the collector of the preceding stage. The de 
component “accumulates”, grows from stage to stage, which causes 
difficulties in evolving the last, output stages. A problem thus often 
emerges which calls for elimination of a dc component at the input 
of the next stage without changing, where possible, the ac compo- 
nent (signal). It is level shifting circu- 
its that solve this problem. 

The simplest dc level shifter is an 
emitter follower. Really, it has the le- 
vel of an output (emitter) potential that 
is lower than the base potential level by 
V*, but amplifies the ac signal at K ~ 
a 1. 

The emitter follower provides the ba- 
sis for other, more complex level shif- 
ters. For example, if there is a need to 
lower the level of an input signal by 
2V*, it is possible to use either a Da- 
rlington pair (see Fig. 9.155) or insert 
a forward-biased diode (see below) into 
the emitter circuit of the simplest fol- Fig. 9.20. Level shifter cir- 
lower. cuit 

It is sometimes required to shift the 
level by the value that is not a multiple of V*, for example, by 
2.5 V. A universal level shifting circuit shown in Fig. 9.20 may 
serve the purpose. In the general case, such acircuit may include 
not one but 7 series-connected diodes. The relation between the 
input and output levels has the form 


Vi — Ve =(n + 1) V* + I yRy > (9.74) 


+ Le 





Varying the values of n, I), and Ry can provide for any desirable 
shift of the level. Thus, if the desired shift is V; — V, = 2.5 V, 
the number of diodes to be chosen ism = 2. In this case, (n + 1) V¥= 
=2.1V and J,R, = 0.4 V; at Jj =1 mA, the required value of 
the resistance is Ry = 400 Q. 

The ac voltage gain in the circuit of Fig. 9.20 primarily depends 
on the current-source internal resistance. If R; = oo, then K = 1 
irrespective of the structure of the emitter and base circuits. But 
if R; has a finite value, it should be substituted for R, in (9.60). 
Besides, r, should be replaced by (n + 1) r.--+ Ro. Then, 


Ri 
K= FTW ire F Reda re FRy) (9.72) 


23—0128 
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The resistance R; generally lies in the range of 100 kQ and above, 
and other resistances in the denominator of Eq. (9.72) do not exceed 
4 or 2 kQ. For this reason, the ac voltage gain comes to near unity. 
Given the load resistance A), the value R; in (9.72) should be replac- 
ed by a smaller value of R; || Ri. The circuit gain will then decrease 
accordingly. 


9.8. Cascode Amplifier 


The cascode is an amplifier circuit having two transistors connected 
in series so that the same current flows through each transistor 
(Fig. 9.21). This circuit configuration can be regarded as a unit 
(see the dash line), that is, as one of the versions of a composite 
transistor. The current gain a of this composite transistor is easy 
to find from the following obvious relation- 
ships: 


» 


Tg = Ogl eg = Mel ey = Hy (163) 
Dividing I, by J, yields 
a= AyAHe 

The cascode configuration thus provides an 
emitter current gain that differs but little from 
that obtained in one (active) transistor 7/. It 
is obvious, therefore, that the voltage gain of 
the cascode circuit will practically be the sa- 
me as that for a simple amplifying stage [see 
Eq. (9.5d)]: 
K ~ — aya, (R./R-) 


Fig. 9.21. Cascode The cascode thus does not afford any im- 

provement in the gain (and also in the 
input and output resistances), but offers an important ad- 
vantage over a simple amplifier; namely, it has no connection 
between the output point (collector C,) and input point (base B,) 
and so provides the output-to-input isolation. In a simple amplifier, 
however, the output and input points are connected via C, and r,. 
Such a feedback path often complicates the operation of amplifiers. 
In particular, feedback causes an increase in the input capacitance 
of a stage (Miller effect, see Subsec. 9.5.4). In the presence of an 
inductive component in the load impedance, such a feedback path 
will lead to generation of parasitic oscillations, that is, conversion 
of the amplifier into an oscillator’. 





1 The inductive component is inevitable where the load used is a tuned or 
tank circuit, as is the case with selective (tuned) amplifiers. Therefore, the 
problem of output-to-input isolation in tuned stages is particularly important. 
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The reason why the output stays isolated from the input is that 
the intermediate circuit point (base B,) is at an invariable poten- 
tial E. This potential may be regarded to be a supply voltage for 77. 
In this case, the load for this transistor is a rather small resistance 
Te, of the emitter junction. So the transistor TJ practically operates 
with the collector circuit shorted out. Its gain is thus near zero, 
the Miller effect is nonexistent, and the input capacitance is equal 
to the transfer capacitance C,,. 

The output voltage of the cascode causes a flow of current through 
C.,. But this current goes to “ground” via the fixed bias source E 
and does not get to the collector circuit of 77. For this reason, there 
is no feedback path between the output and input, so that the danger 
of parasitic oscillations is eliminated or, at least, greatly reduced. 
Owing to this feature, the cascode enjoys wide use in tuned ampli- 
fiers. 


9.9. Output Stages 


The objective of final stages is to deliver a specified (rather large) 
power and, hence, sufficiently large voltages and currents to the 
load. The voltage gain is a secondary parameter for output stages. 
The primary considerations are the efficiency » and nonlinear distor- 
tion factor K;,. 

Output stages usually consume a major portion of the amplifier 
power; a high efficiency, therefore, implies an efficient use of the 
power source. This is of particular importance in integrated circuits 
where the power dissipated by a chip is limited. Nonlinear distortion 
is specific to the output stages for the following reason: a specified 
and sufficiently large power to be obtained at high efficiency inevi- 
tably requires the use of currents and voltages whose amplitudes 
are comparable to the values of dc components. 


9.9.1. Parameters of output stages. The efficiency is defined as 
the ratio of ac output signal power over the dc power taken from the 
supply source: 


1/2 Vout mlou 
7= =p ouim (9.73) 


where Jou: m and Vout m are the amplitudes of output quantities, 

Because the efficiency depends on output power, it is customary 
to define this ratio for a maximum ac power output over the maxi- 
mum dc power input. 

The distortion factor characterizes the difference in waveform 
between the output and the input signal. This difference results 
from a nonlinearity of the transfer characteristic of a stage (see 
Fig. 8.1). Nonlinear distortion shows up in that the output signal 


23% 
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contains new harmonics nonexistent in the input signal. The distor- 
tion analysis, therefore, customarily comes to calculating (or mea- 
suring) the harmonic content in the output for a purely sinusoidal 
input. 

The energy characteristic of distortions is defined as the ratio 
of the total power of upper harmonics, starting from the second, 
to the power of the first (fundamental) harmonic whose frequency 
is equal to that of the input signal. 

The distortion factor is usually defined as the square root of the 
ratio between the total power of upper harmonics at the output of 
an amplifier and the power of the first harmonic. If the load resis- 
tance is the same for all harmonics, then the powers are proportional 
to the currents or voltages squared. The distortion factor will then 
assume one of the two forms: 

K;= aes = Led (9.74) 
1 1 
where m is the harmonic number, starting from the second. 

_The permissible value of K, is dictated by the concrete requirements 
for the apparatus in question. In sound reproduction, for example, 
it is desirable that K, be smaller than 2 or 3%. In measuring devi- 
ces, K,; must be substantially smaller. 

The analytical estimation of nonlinear distortion is possible 
only if the transfer characteristic is given as a mathematical func- 
tion. The distortion factor is more often estimated graphically 
(using the known transfer characteristic) or experimentally (with 
special measuring devices). 


9.9.2. Operation modes. Depending on the location of the initial 
operating point (quiescent point) on the transfer characteristic, one 
distinguishes a few classes of operation: A, B, AB, and others. 
These classes differ in the maximum values of efficiency and in 
the values of nonlinear distortion. 

With class A operation, the operating point in the quiescent state 
lies in the center of the quasilinear portion of the transfer characte- 
ristic (Fig. 9.22). Obviously, the distortion here will be a minimum 
because both half-waves of the input signal are within the quasi- 
linear region. The maximum efficiency can be found from formu- 
la (9.73) by substituting the maximum values of voltage and current 
amplitudes corresponding to the boundaries of the quasilinear 
region: Vout m = 1/2 E, and Iout m = 1° =Iay. Thus, 


Nm = 1/4 or (25%) (9.75) 
With the transistor transformer-coupled to the load, the maximum 


efficiency is doubled: yn, = 50%. However, the use of transistors 
(as active components) in ICs is undesirable. 
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With class B operation, the quiescent point lies at a boundary 
of the quasilinear region, namely, at the boundary which corresponds 
to the off condition of a transistor (Fig. 9.23). It is clear that in 


Loui 





Fig. if 22. Class A operation. Calculation of output voltage (2) and output cur- 
rent (b) 


this operation, the output current flows only during the positive 
half-wave of the signal. The output voltage, therefore, proves rather 
nonsinusoidal, that is, contains a large number of upper harmonics, 


Vout 





(a) 


Fig. . rt Class B operation. Calculation of output voltage (a) and output cur- 
rent 


Analysis shows that irrespective of the amplitude of a signal, Ky; 
reaches an impermissibly high value, 70%. Therefore, this opera- 
tion mode in its simplest version is impracticable. 

The class B operation is useful in a push-pull circuit consisting 
of two amplifiers, one of which amplifies the positive and the other 
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the negative half-wave of the signal. These half-waves delivered 
to the load add up to form a full sinusoid (Fig. 9.24). For the nega- 
tive half-waves to be amplified, it is necessary either to connect 
to the input of amplifier 2 a phase-inverting element (a transformer, 
for example) or to use in the amplifier 2 a transistor of the other 
type (pnp type). Examples of im- 
plementing a push-pull circuit are 
given in the next subsection. 

The efficiency of a class B_ push- 
pull circuit can be estimated proce- 
eding from the fact that the powers 
dissipated in each of its halves are 
equal. It is thus sufficient to calcula- 
a te the power during one half-cycle. 

c For this we should substitute the follo- 

ig. 9.24. Princi . wing quantities in Eq. (9.73): 

Puli amagiifier P? 8 PU Vo = Ee (see Fig. 9.930), £ = 

=EF,, and I,, = (2/m) Iou: m (the 
average value of sinusoidal current during the half-cycle, see Fig. 
9.23b). The maximum efficiency will then take the following value: 


Mm = 0/4 or (78%) (9.76) 


Vig *ee 





For example, if an amplifier is fabricated on a chip capable of 
dissipating 300 mW, the useful power transferred to the load can 
be in excess of 1 W. 

Class AB operation represents an intermediate case of class A and 
B operation: the initial operating point lies not at the cutoff boun- 
dary, but in the region of forward bias of the emitt2r junction, the 
forward currents being significantly lower than they are under 
class A conditions (an example will be given below). 


9.9.3. Output stage circuits. In microelectronics, class A opera- 
tion is unsuitable because it results in low efficiency. Most popular 
are push-pull amplifiers of class B and AB. 

In Fig. 9.25a@ is shown a simple class B push-pull circuit based 
on complementary transistors. The load is connected to the emitter 
circuit of transistors, which thus act as voltage followers. Power 
gain is determined by the current gain. 

In the quiescent state, both transistors stay cut off since the 
voltages at emitter junctions are equal to zero. During the positive 
half-wave of an input signal, the npn transistor T/ is on, and the 
current flows through the load as shown by a dash arrow J. During 
the negative half-wave, the prp transistor T2 takes over and the 
current flows in the direction of a dash arrow 2. The output signal 
thus has two polarities as does the input signal. The power gain 
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is close to the ratio of the emitter to the base current, that is, near 
B+ 1. 

Unfortunately, this simple circuit is responsible for comparatively 
large nonlinear distortion. The cause of distortion is the presence 
of the “heel” on the input /-V characteristic for silicon transistors. 
The waveform of an output signal is easy to obtain graphically using 
the so-called composite transfer characteristics (Fig. 9.25b). The 
curve J refers to TZ and curve 2 to T2. As seen, the duration of the 
positive and the negative half-wave at the output is shorter than 
the half-cycle; these half-waves are separated by small horizontal 





(j@ 


Fig. 9.25, Circuit (2) and transfer characteristics (b) of a class B push-pull 
amplifier using complementary transistors 


portions (hatched areas here represent the parts of half-sinusoids 
left without amplification). Obviously, this type of distortion will 
be especially heavy at small input signals with an amplitude com- 
parable to that of V*. 

To eliminate the above drawback, the amplifier circuit is made 
somewhat more complex by adding a level shifter (Fig. 9.26a) to 
supply a separate (individual) bias for each transistor base. The 
composite characteristics for this variant are given in Fig. 9.26b. 
The circuit operates under AB conditions. 

Since the parameters of integrated npn and pnp transistors differ 
heavily, it is common to use a composite pnp transistor (see Fig. 9.2) 
to serve the purpose of 72 shown in Figs. 9.25 and 9.26. This favours 
better symmetry of the output stage and reduces nonlinear distor- 
tion. 

Should it be necessary to build the output stage around single-type 
(not complementary) transistors, the stage circuit will then appear 
such as shown in Fig. 9.27. The transistor 77 here is on throughout 
the input-signal cycle. In the quiescent state, 2; and R, are set 
so that the collector potential V2, is equal to zero; the diode D and 
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transistor 72 stay off, and the current in the load does not flow 
During the positive half-wave of an input signal, the potentin| 
V., drops off, the diode D goes on, and the current flows throug! 





(a) 


Fig. 9.26. Circuit (a) and transfer characteristics (b) of a class AB push-p! 
amplifier using complementary transistors: 
the load as shown by a dash arrow /. The transistor 72 stays « 
because the turn-on voltage V* across the diode reverse-biases 1 
emitter junction (see plus and minus signs unbracketed). Duri 
the negative half-wave, the potential © 
rises, 7'2 switches on, and the current flc 
through the load as indicated by ad 
arrow 2; the diode is off because the tv 
on voltage V* at the emitter junction 
ves the diode into the reverse-biased ¢ 
dition (see plus and minus signs bracket 
To turn on the diode D (a positive | 
wave) or transistor 72 (a negative I 
wave), the potential V,, must ch 
by +V* ascompared to the quiescen 
tential. So, an input-signal minimum 
plitude to which the given amplifier is 
responsive comes to 





Fig. 9.27. Class AB push- V*/K 
pull amplifier using 
single-type transistors where K is the gain of the stage usin 


transistor TJ. The stage gain can be 
ciently high, so there is commonly no need to secure class AB « 
tion, that is, to apply an additional bias as was the case fc 


circuit of Fig. 9.26. 
The half-waves of voltage across the load will obviously be 


only if the gains of the positive and the negative signal are 
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too. With a positive signal, the gain K* is proportional to Ri; 
in this half-cycle, R; is a collector load for 77. With a negative 
signal, K- is proportional to R, (in this half-cycle, T2 acts as an 
emitter follower). Consequently, for K+ and K~- to be equal, the 
equality R, = R, should be met. 

A disadvantage of the circuit is that a change in A; entails a chan- 
ge in the amplitude of a negative output voltage (when the load 
current flows in the direction of arrow /) because this entails a chan- 
ge in K*. To overcome this shortcoming, a buffer stage should be 
added to the circuit. 


9.10. Voltage Regulators 


Voltage regulators are primarily intended to act as supply sources 
for ICs. DC amplifiers are a good example: if they receive power 
from an unstabilized source, one of the drift components may grow 
too high (see Subsec. 9.3.3). Simple voltage regulators are also 
widely used as bias sources for many analog circuits, including 
operational amplifiers. 


9.10.1. Voltage regulator parameters. The designations used in 
the skeleton diagram of Fig. 9.28 are as follows: V, is the unstabilized 
(input) and V, is the stabilized (output) voltage; 7, and J, are the 
input and output currents; and R; = V,/I, is the load resistance. 


Fig. 9.28. Skeleton diagram of a vol- 
tage regulator 





4 
The output voltage of a regulator cannot of course be absolutely 
stable. The increments AV, are small (that is, lie within permissible 
limits), but yet depend on the increments in input voltage and out- 
put current. The relative instability of output voltage will then 
be expressed as a sum of two terms: 





AV, _ AVY , avi 
“ye te (9.77) 


where the augend stems from the instability of input voltage, and 
the addend from that of output current. The components of relative 


1 Apart from these dependences, there also exists a temperature and time 
drift in output voltage that is analogous to the drift specific to dc amples 
ae Subsec. 9.3.3). This type of instability will not be considered in the further 

iscussion. 
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instability are customarily expressed in terms of two basic para- 
meters of a regulator, known as the stabilization factor and output 
resistance: 








AVY 1 AV 

v, = 5 V, (9.78a) 
Avi AL 
ye =—Rou 7a (9.785) 


From Eq. (9.78a) it follows that the stabilization factor has the 
form 


=> V, AV, 
Ky= V, AV, (9.79) 
(with the current J, considered constant). The general expression 
for output resistance (see p. 349) is 


_ (Vout)oc 9.8 
Rout = (Tout)she ( ‘. ) 
in using Eq. (9.80), itis necessary to represent a regulator by a small- 
signal circuit model. It is clear that the performance of a regulator 
improves as the stabilization factor increases and the output resis- 
tance decreases. 








9.10.2. Diode regulators. A simple diode voltage regulator shown 
in Fig. 9.29@ includes a current source and silicon reference diode. 
A small-signal model of the regulator is illustrated in Fig. 9.29b. 


R; 
44 Aly 





(a) 
Fig. 9.29. Diode regulator with a reference diode 
As is clear from the figure, the output voltage is determined by the 
rated voltage of the reference diode: V, = Vz. Commonly, Vz >5 
or 6 V in avalanche breakdown, and Vz = 2 to 5 V in tunnel break- 
down (see Subsec. 3.2.7). 
Since the current J, is specified, an increase in output current 
is attended by a reduction in diode current. With the output ter- 


sora df, : 
1 The minus sign on the right of a (9.785) means that an increase in out- 
oe (AI, > 0) is accompanied by a decrease in output voltage (AV, < 
<0). 
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minals short-circuited (R; = 0), we get Jz = 0; in other words, the 
diode regulator “does not fear” short circuiting at the output. This 
feature is inherent in all the regulators of the shunt type, in which 
a regulating element is connected in parallel with the load resistance. 
The output resistance of a diode regulator, according to Eq. (9.80), 
is 
Rout =a || Ri © ra (9.81) 
The value of rg commonly ranges from 10 to 20 Q at a rated current 
of 5 to 10 mA; it somewhat rises with decreasing current. 
In the case of an ideal current source (R; = oo), the stabilization 
factor extends to infinity because the changes in input voltage 





Fig. 9.30. Diode regulator with a Fig. 9.31. Diode regulator with a 
forward-biased diode ballast resistor 


AV,, in no way cause changes in the output. With R, being a finite 
value, the increments AV, and AV, are related by the transfer 
ratio of a resistance voltage divider (see Fig. 9.296): 


wy Jd. 
AV, =AV,;>——_ Ran © AV; Ri 
Substituting the ratio AV,/AV, into Eq. (9.79) yields 
Ve, Ri 
Kt =a r (9.82) 
For example, if V/V, = 0.8, R,; = 50 kQ, and rg = 10 Q, then 


Ket = 4000. 

This value of K,, is quite acceptable in most cases. What presents 
the main problem is a comparatively large output resistance of 
the regulator. 

A reference diode (a diode relying on the breakdown effect) can 
be replaced by a forward-biased diode (Fig. 9.30). In this case the 
output voltage V, is equal to V*, and the output resistance 


Rout = Ta = (Pr/Ia) +1 (9.83) 


where the augend is an incremental junction resistance given by 
Eq. (3.25), and the addend is the base layer resistance. As the load 
current rises, J, decreases and the output resistance substantially 
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increases. A minimum value of R,,; corresponds to the open-circuit 
condition ([, = 0), but it is always limited by the value of r, (usual- 
ly not less than 2 to 5 Q). 
Substituting rg from Eq. (9.83) into (9.82) and V, = V* gives 
ve R; 
Kor = VY, @r/latro (2:09) 

For example, if R; = 50 kQ, 7, =1 mA, r, = 5 Q, and V, = 
=5 V, then K,; ~ 220 and Roy = 30 Q. 

As compared with the parameters of the preceding circuit, the 
output resistance here is three times as large and K,, is by a factor 
of 20 smaller. 

In both circuits discussed, the current source can be replaced by 
a ballast resistor (Fig. 9.31). In this circuit version, the output 
resistance is practically the same as in the above circuits, but the 
stabilization factor has a distinctive feature due to the interrelation 
between the input and output voltages: 


V, =V.+ I,Ry 
Substituting V, into Eq. (9.82) and replacing R; by R, yields 
eee Sees 
Ku= V.+1,Ro Td (9.852) 
As seen in this version K,; approaches a finite value as R, rises 


to infinity: 
Kst max = Vo/Tyra (9.855) 


Assume V, and r, are the same in value as in the preceding example 
(0.7 V and 30 Q) and J, = 2 mA. Then Kg; max would be near 12, 
which is much below the value for the circuits using a current source. 

The temperature drift in output voltage of diode regulators is 
a function of the temperature sensitivity of diodes. Combining 
the diodes operating in the avalanche region (for which TCV > 0) 
with diodes operating in the forward bias region (for which TCV < 
< 0) permits decreasing the temperature coefficient to 0.01% °C-} 
and below. 


9.10.3. Transistor regulators. A schematic diagram of the simp- 
lest transistor regulator appears in Fig. 9.32a, and its small-signal 
model in Fig. 9.32b. The regulator has the configuration of an emit- 
ter follower: the load is connected to the emitter circuit and the 
base is fed with a dc reference voltage V,-+ rather than with an ac 
signal. The reference voltage source is commonly a diode regulator. 

The inspection of the circuit indicates that V, = V,.; — V*, 
that is, the output voltage is defined by the reference voltage. 

Disregarding the base current, the input and output currents 
become practically equal: J, ~ I,. Consequently, an increase of 
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load current causes the same increase of collector current and, hence, 
of power dissipated in the transistor. Obviously, short circuiting 
at the output may lead to overloading of the transistor. This conclu- 
sion applies to all transistor regulators of the series type, in which 
the regulating element is connected in series with the load. Series- 
type power regulators are furnished with a special overload protec- 
tion system. 

The output resistance of this regulator is the same as in the emitter 
follower. Considering that the role of AR, is played here by a small 





© 


Fig. 9.32. Schematic diagram (a) and circuit model (b) of the transistor regulator 
using an emitter follower 


resistance of the reference element, r,.;, it is permissible to use 
expression (9.64): 
Rout = le (9.86) 


Hence, the output resistance grows with decreasing current, and, 
as the regulator approaches the open-circuit condition, this resis- 
tance may reach unacceptable values. To smooth out the dependence 
of output resistance on the load current, a fixed resistor can be 
connected across the load (ahead of the output terminals). This 
shunt will secure a certain residual emitter current even in the 
open-circuit condition (at J, = 0). 

If we neglect the collector junction resistance, that is, set r, = 00, 
then the increments AV, will fail to reach the base and emitter 
circuits of the transistor because the collector circuit includes an 
ideal current source (Fig. 9.32b). In this case, K,; = oo. 

Considering the resistance r,, the increment AV, versus AV, may 
be written through the following relations (see Fig. 9.32b)}: 


AV, = AV et & AVe» 





Rite 
ToT ref To+Tref 
AV = AV ee AV 


1 The current source aAJ, is considered inactive (absent) because the incre- 
ment AJ, is known to be very small (since V, ~ constant). 
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where the right sides contain the transfer ratios of the respective 
resistance voltage dividers. 
Substituting the ratio AV,/AV, in Eq. (9.79) gives 


Ve Te 
Ku= Ve ee (9.87) 
Setting V./V, = 0.8, r, = 250 kQ, r, = 150 Q, r,.; = 20 Q, we 
get K,, ~ 1 200. 

Thus a simple single-transistor regulator provides a sufficiently 
high stabilization factor but does not enable a principal solution of 
the problem of decreasing the output resistance. The way of handling 
this problem today with the use of an op-amp circuit will be dis- 
cussed in Subsec. 10.10.5. 


9.11. Current Regulators 


In the above discussion we have repeatedly used current sources as 
conventional elements of electric circuits. Current regulators des- 
cribed in this section represent the real embodiment of these sources 
in circuit form. 

The task of a current regulator is to maintain a fixed output 
current J, with changes in the load RA; and input (supply) voltage V, 





2 Ve min Vs Ve 
Fig. 9.33. Skeleton diagram of a Fig. 9.34. J-V characteristic of a 
current regulator current regulator 


(Fig. 9.33). The voltage across a regulating element will further 
be designated by Ve. 


9.11.1. Regulator parameters. An ideal current regulator has a 
current-voltage characteristic as shown in Fig. 9.34 by a dash line J. 
The real regulator characteristics (curve 2) differ from the ideal by 
a limited working region and a finite incremental resistance R, 
in the working region. The resistance R; generally depends on vol- 
tage Vo. But in practice it is unjustifiable to take into consideration 
such a nonlinearity. Therefore, R; is always regarded as a certain 
averaged value. 
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The points a and b at which A; drops significantly define the 
limits of the working region. The point a for bipolar transistors 
is the limit beyond which they begin to saturate. For MOSTs, this 
point corresponds to the transition into the steep portion of the 
characteristic. The point b for both transistor types represents 
a limit beyond which breakdown sets in. 

The voltage Vomin at point a is a minimum voltage across the 
regulating element that is still sufficient for the regulator to perform 
its function. In bipolar npn transistors, the minimum voltage may 
be considered to be equal to 0.2 V for the CE configuration and to 
0.5 V for the CB configuration (see Figs. 4.14a and 4.15a). In MOSTs, 
the minimum voltage is close to a saturation voltage Vz 5; (see 
Fig. 5.72). Depending on the current and specific transconductance 
of a transistor, Vz sa; lies in the range from fractions of a volt to 
a few volts. 

In most electronic circuits, the load of current regulators is non- 
linear. For nonlinear elements the resistance is only a symbol iden- 
tifying the relation between voltage and current. It is, therefore, 
more convenient to characterize a nonlinear output circuit by the 
output voltage V, at a given current rather than by A). 

The nominal condition of operation of a current regulator is 
a short-circuit condition at which V, = 0. Here, as seen from 
Fig. 9.33, a maximum voltage equal to V, drops across the regulat- 
ing element. As a matter of fact, V, must lie within the working 
region (see Fig. 9.34). 

The short-circuit current is considered a nominal current of the 
regulator. This current is the sum of J, and V,/R;, the latter being 
conditioned by the finite resistance of a regulating element (see 
Fig. 9.33). In all practical regulators, the second component is 
negligible, so that the rated output current J, is assumed to be 
equal to the current J, of an ideal regulating element. 

In the condition different from the short-circuit one, the regulator 
has a finite voltage V, at its output. The higher the output voltage, 
the lower the voltage V¢ across the regulating element. The maximum 
voltage across the load corresponds to a value of Vo min. 

The quantities J), V,, and V, are in general uncorrelated, that is, 
they change independent of one another. In the worst case, therefore, 
the increment in output current is the arithmetic sum of three incre- 
ments (see Fig. 9.33): 

Al, = AI y+“ a a 


Dividing the left side by 7, and the oe side by J, which is close 
to the former in value, we write the relative instability in the form 


To. Hts Avs 





(9.88) 
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Here E; = 1,R; is the equivalent voltage determining the degreo 
of stabilization with respect to output and input voltage changes. 
The higher the value of #;, the higher the degree of stabilization. 

In practice, it is transistors that play the role of regulating ele- 
ments. For bipolar transistors connected in the CB configuration, 
I, is a collector current and R; is a collector junction resistance r,. 
As is apparent from Eq. (4.42), r, is inversely proportional to J,. 
Their product, therefore, that is, the voltage £;, is independent 
of current and can be regarded as a transistor parameter. This para- 
meter is typically 2 or 3 kV. For a CE configuration, in which 
rg =r, (1 — a), E; is correspondingly much lower. 

For MOS transistors, the product Jgrqg according to Eq. (5.20) 
is also a parameter. The typical values of £; range from 200 to 
500 V. 

Many circuits use a resistor as a regulating element (see Fig. 8.15). 
{n the analysis of this circuit version, J) given in Fig. 9.33 should 
be taken equal to zero. Then 


I, = (Vy oo V.)/Ri 


To have the stabilized current weakly dependent on the output 
ee the condition V, < V, must be met; in this case, J, ~ 
~~ V; R;. 
The relative instability assumes the form analogous to that of 

Eq. (9.88): 

AI, _ AV, , AV, 

4S hee ee 
The supply voltage V, does not generally exceed 10 to 15 V, that 
is, it is by far smaller than the equivalent voltage EZ; in nonlinear 
regulating elements [see Eq. (9.88)]. Other things being the same, 
the current instability then will be much higher. 


9.11.2. Simple regulators. Fig. 9.35a illustrates a typical cir- 
cuit form of the current regulator where Ey is the source of a stabi- 
lized voltage. In the given case, the source uses a reference diode 
fed via a ballast resistor (see Fig. 9.3%). 

Figure 9.355 shows the regulator circuit model where heavy lines 
represent an output section. The designations of the basic quantities 
are the same as in Fig. 9.33; the element L identifies a nonlinear 
load. Comparing the output circuit of Fig. 9.35b with the circuit 
of Fig. 9.33, we find 


blat 9% (9.892) 


Ri =e (9.89h) 
V,=£2,+ 8, —E£, (9.89¢) 





a 
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Expressions (9.89) permit us to make the following conclusions. 

The stabilized current is set by the components £4, Ry. The 
stability of current is primarily determined by the stability of Ey 
and V*. In particular, if the temperature drifts of these quantities 
are opposite in sign, then the temperature drift of current will be 
in excess of each of the above drifts. 

The internal resistance R; rises with decreasing current [see 
Eq. (4.42)]. The value of R; given by Eq. (9.89b) corresponds to the 


+E, 





Fig. 9.35. Schematic diagram (a) and circuit model (b) of the simple current 
Tegulator based on an npn transistor 


absolutely invariable emitter current. In practical circuits, where 
R, is a finite value, the increment AJ, is distributed between the 
emitter and base circuits. The current increment in the emitter 
circuit is 
AI, = Ye Al, 

where y, is given by (9.14). The role of R, in the given case is played 
by the resistance of reference diode D in Fig. 9.35a. The increment 
in output current is thus the sum of two components: 


Al, a AV,/r. + 2Ve Al, 


From this expression it is easy to obtain the output resistance in 
the general form 


R, = AV./JAI, = re (1 — aye) (9.90) 


The maximum output voltage in the given circuit can lie near 
V, given by Eq. (9.89c) since the transistor retains its amplifying 
properties even at V,., close to zero. 

The instability of current J, may be estimated by general formu- 
la (9.88) using expressions (9.89). 

If the load is connected not to a positive but to a negative supply 
source or to “ground”, then the regulator is built around a pnp 


24—0128 
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transistor (Fig. 9.36a). This circuit is similar to the preceding one 
and described by the same expressions. 

In practical use is sometimes the type of regulator as shown in 
Fig. 9.366. What distinguishes this regulator type is single-polarity 
power supply and zero potential of the base (disregarding a small 
voltage drop /,r,). As a result, the collector potential proves positive 
with respect to the base potential, that is, the collector junction 
turns out to be forward biased. The transistor formally operates 
in the double injection mode. As known, however, a small forward 





Fig. 9.36. Simple current regulators Fig. 9.37. Current reflector 
based on a pnp transistor 

(a) basic circuit version; (b) circuit version 

with the base grounded 

bias (below V* — 0.1 V) on the collector junction does not cause 
a noticeable reduction in collector current (see curves in Fig. 4.14a 
in the second quadrant). Consequently, over the range of rather 
low output voltages (tenths of a volt), the given regulator works 


normally. 


9.11.3. Current reflectors. Analog integrated circuits widely uso 
a current regulator known as current reflector or current “mirror” 
(Fig. 9.37). It is easy to see a formal resemblance between the current 
reflector and simple regulator circuit: instead of the reference diode 
(see Fig. 9.35a), the circuit employs a resistor R, and forward- 
biased pn junction, the role of the latter being played by a transistor 
T1 connected in the BC-E circuit to perform a diode action (seu 
Fig. 7.24). Such a version of the source EF, leads to an increase 
flexibility of the circuit and improvement in the number of para 
meters. 

The inspection of Fig. 9.37 indicates that 


Vi + IR, = Vi + Techs (9.91) 
This equality underlies the operation of the current reflector. 
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Resistance-containing summands in Eq. (9.91) do not generally 
exceed the value V*. So, depending on the working currents, resis- 
tances R, and R, range from hundreds of ohms to 10 to 20 kilohms. 

Disregard for simplicity the small current /,,; hence, /,, = J, 
and I,. = I,. Besides, suppose that R, and R, are equal and TJ 
and 72 are identical (in the IC, it is easy to make transistors iden- 
tical since the elements on the chip lie close to each other). Given 
such conditions, the summands on the right and the left of the equa- 
lity (9.91) will be the same, and hence J, = J. 

Thus, in the discussed circuit version, the output current repeats 
or reflects the input current J,. Hence, the name current reflector. 

The input current, as follows from Fig. 9.37, takes the form 


qT, = (E, i Ey)/Ro 


lf EZ, >> Ey, then J, is governed by the parameters E, and Ry. In 
many cases, the current J, flows from certain stages forming part 
of a complex electronic system, and thus can be regarded as a speci- 
fied value. 

If R, and R, are made unequal, the emitter currents will be une- 
qual too. Since V,, is weakly dependent on current, assume as before 
that Vf = V}. From Eq. (9.91) it then follows that 


I, = I, (Ry/R,) (9.92) 


As seen, the current J, can “reflect” J, both in an “enlarged” and 
in a “reduced” scale. This scale does not commonly exceeds a few 
units, otherwise a resistor of high rating occupies too large an area. 

From Eq. (9.92) we can conclude that the output current I, can. 
be controlled by varying the input current J, in any of the suitable 
ways. This possibility is one of the features indicative of the flexi- 
bility of a current reflector. 

If we allow for the current J,,, then the emitter current will not 
be exactly equal to currents /, and /,; namely, 


Tey a I, — Toe, Teg = I, + Toe 


It is then necessary to apply requisite corrections to Eq. (9.92). 
At high values of B, in which case /,, < J,., these corrections are: 
insignificant. 

It should be pointed out that Eq. (9.92) does not contain either 
V* or B. This means that to a first approximation the operation 
of a current reflector does not depend on changes in these parameters, 
primarily on temperature changes. In reality, such a dependence, 
though rather weak, does exist. The thing is that the gain B will 
enter into Eq. (9.92) after allowing for /,,. The same also concerns 
V* if we take account of the quantity Vi — Vj resulting from the. 
difference between emitter currents. 


24* 
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To ensure especially small output currents (for example, when 
a DA operates in the microampere region), the resistance R, should 
be brought down to zero. For this type of current reflector (Fig. 9.38), 
formula (9.92) is invalid because the difference between V{ and V3 
cannot be disregarded. Let us use Eq. (4.36) for Vf and V3. Setting 





(a) 


Fig. 9.38. Current reflectors with a single resistor (a) and without a resistor (b) 


R, = 0, we can readily obtain a transcendental relation between 
the output and input currents from Eq. (9.91): 


I, = (p7/Rz) In (Iy/I2) (9.932) 


A more illustrative expression is the approximation relating the 
currents in the explicit form: 


heV (22) 1, (9.93b) 


It is clear that in the given circuit the dependence of /, on J, is 
substantially weaker than for the preceding circuit; in other words, 
control of the output current is more difficult. 

Expressions (9.93) can be readily applied for the calculation of 
the required resistance R, if the desired values of currents are set. 

For example, assume J, = 0.5 mA and J, = 10 wA; formula 
{9.93a) then gives R, ~ 10 kQ. Here the voltage drop /,R, (the 
difference Vi — V%) will come to about 100 mV. 

Expressions (9.93) show that the currents ratio is independent 
of the gain B as before, but the current J, is directly dependent 
on temperature through the thermal potential m;. To decrease this 
dependence, it is desirable that the resistor R, have the same tem- 
perature ‘coefficient as m7, namely, 0.33% °C-!. These values of 
TCR are easy to secure for integrated resistors (see Subsec. 7.9.1). 

One more type of current reflector (Fig. 9.38b) is distinguished 
by the absence of resistors and thus noted for its minimum area 
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on the chip. But if 7, ~ J,, one of the transistors has to be made 
larger and so the saving in area offered by this type of circuit over 
the resistor circuit version is considerably less. 

Setting R, = R, =O in (9.941) and substituting Vf and V? 
from (4.360), one may readily see that the ratio /,/I, is proportional 
to the ratio between thermal currents, I49./I¢9,. Other conditions. 
being equal, thermal currents are proportional to junction areas. 
as follows from (3.18). In integrated circuits, “other equal condi- 
tions” (that is, identical electrophysical parameters) are achieved 
by means of a close location of transistors with respect to each 
other. Summing up all that has been said, for the circuit of Fig. 9.38b 


we may write 
I, = I, (S 2/84) (9.94} 


where S, and S, are the areas of emitter junctions. 

As with the basic circuit version of Fig. 9.37, this circuit is free 
from the effect of changes in B and V* to a first approximation. 
But these changes make itself felt to a definite degree if the current 
Ig. is allowed for (this fact was mentioned above). The larger the 
area S,, and hence the current J,, the greater the base current and 
the larger the error introduced when using Eq. (9.94). In practice, 
the ratio between the currents and areas rarely exceeds a few units, 
so the error runs from 2 to 5%. 

Note in conclusion that the output resistance R; in a current 
reflector may noticeably differ from the resistance r, taken for 
a simple regulator [see Eq. (9.89b)]. The thing is that in a simple 
regulator, the resistance of an emitter circuit is always much higher 
than that of a base circuit because of a rather large resistance R.. 
For this reason the coefficient y, in (9.90) does not usually exceed 
0.4 or 0.2. In current reflectors, the resistances of emitter and base 
circuits of a transistor 72 may be in various proportions. In parti- 
cular, the inequality R, > R, may prevail. In this case, the output 
resistance of 72 and hence the internal resistance of the current 
reflector should be calculated by Eq. (9.90). 

For example, in the circuit of Fig. 9.38) the resistance R, should 
be regarded as r., and R, as reg. According to Eq. (4.41), both of 
them are inversely proportional to respective emitter currents, 
practically to currents J, and J,. Therefore, if we set a = 1 and 
ry, = O for simplicity, then R,; given by Eq. (9.90) will take the 
following form after simple transformations: 


pe eS Eee 
Rhys 1+1,/1, 
As seen, with a rise in the ratio J,//, the resistance R,; substantially 


decreases. This conclusion is general enough to be valid for other 
discussed circuits of current reflectors. 


Chapter INTEGRATED CIRCUITS 


10 


10.1. General 


In the preceding chapters we have familiarized ourselves in detail 
with the basic physical, design, manufacturing, and circuit engi- 
neering concepts of microelectronics. In the concluding chapter 
we shall consider examples of simple JCs and some problems involved 
in their development. 

The first integrated circuits that appeared in 1960 were simple 
digital ICs based on bipolar transistors. From the middle of the 
1960s, the development of bipolar analog ICs and MOS digital 
ICs began. The first half of the 1970s was marked by the appearance 
of some new circuit designs specific to microelectronics (charge- 
coupled devices, I*L circuits, and others). This period also saw 
a sharp rise in the scale of integration and establishment of a kind 
of “dynamic equilibrium” between the basic classes of ICs—bipolar 
and MOS transistor ICS and also monolithic and hybrid ICs. Before 
then, the above classes were frequently regarded as alternative. 
From the second half of the 1970s onward, the scale of integration 
grew still more rapidly, and sophisticated devices appeared in 
integrated form capable of performing complex and numerous ope- 
rations. 

A detailed description of LSI circuits—their structure, design 
principles, available types, applications, etc.—is not only impos- 
ible within the scope of the present book, but also hardly advisable. 
For this reason, the text below only gives an idea of the “building 
blocks” which make up modern digital ICs and largely determine 
their performance. As for analog ICs, we shall consider an example 
of the op amp which is best suited for revealing their features. 


10.2. Bipolar Logic Elements 


Logic elements, or logic gates, are electronic circuits performing simple 
logical operations. Before getting into the details of the circuit 
versions of logic elements let us dwell on the functions they have 
to perform. 


10.2.1. Logic functions. Logic functions and the logical opera- 
tions involved relate to Boolean algebra. What underlies Boolean 
algebra is the system of logical variables which will be designated 
as A, B, C, etc. A logical variable characterizes two incompatible 
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notions: yes and no, black and not-black, turn-on and turn-off, 
etc. If one of the values of the logical variable is denoted as A, then 
the second is denoted as A (not A). 

In dealing with logical variables, it is convenient to use a binary 
code, assuming A =—1, A =O, or, inversely, A = 0, A = 1. 
The same circuit can thus perform both logical and arithmetic 
operations (in the binary number system). 

If we denote “not A” by a certain letter, B for example, then the 
relation between the values of B and A will take the form 


B=A (10.4) 


This is a simple logic function known as negation, inversion, or NOT 
function. The circuit capable of performing this function is known 


B=A A C=A+B Ge ; C=AeB ‘ C=4-B 
1 
B 8 B B 
(a) (b) (¢) (d) (e) 


Fig. 10.1. Logic simbols for gates 
(a) NOT; (b) OR; (c) AND; (d) NOR; (e) NAND 


as an inverter, or NOT gate, whose symbol is shown in Fig. 10.1a. 
The NOT function is characterized by a circle on the output side of 
the rectangle. 

The NOT function is the function of one argument (one variable). 
Let us give example of logic functions for two variables. 

Logical addition, disjuction, or OR function: 


C=A+B (10.2) 


This function is defined in the following manner: C = 1 if A = 1 or 
B= 1, or both A = 1 and B = 1. The symbol for an OR gate is 
shown in Fig. 10.10. 

Logical multiplication, conjunction, or AND function: 


C = AB (10.3) 


This function is defined as follows: C = 1 only if A = 1 and B = 
= 1 simultaneously. The symbol for an AND gate is given in 
Fig. 10.4c. 

The combination of a NOT function and an OR function results 
in a NOT OR or NOR operation (Fig. 10.1d): 


CSA448 (10.4) 
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By analogy, the combination of a NOT function and an AND func- 
tion results in a NOT AND or NAND operation (Fig. 10.1e): 


C = AB (40.5) 


The NOR and NAND functions are most widespread because they 
permit of implementing any other logic function. As a matter of fact, 
the number of variables and hence the number of inputs in correspond- 
ing circuits can be equal to three, four, and more. 

In circuits intended to implement a logic function, that is, in lo- 
gic elements, logic 0 and logic 4 are generally represented by diffe- 
rent values of voltage: a voltage level V°® for 0 (logic level 0) and a 
voltage level V1 for 1 (logic level 1). 

If logic level 4 is more positive than level 0 the circuit is said to 
use the positive logic convention, and if level 1 is more negative than 
level 0 the circuit is said to use the negative logic convention. There 
is no principal difference between positive and negative logic. More- 
over, as will be shown later, the same circuit can perform both the 
positive-logic and the negative-logic operation. Elsewhere below wo 
shall assume that the circuits perform the positive-logic operation, 
which is in accord with its popularity in practice. 

The difference between the voltage levels for 1 and 0 is termed the 


logi ing: 
logic swing ee 40.6) 


The logic swing must naturally be large enough so that logic 1 and 
logic 0 should differ sharply and no parasitic signal could “convert” 
one level intoanother. 

Integrated logic elements form the basis or, what is termed, 
building blocks for more complex ICs and systems as a whole. The pa- 
rameters of IC logic elements affect directly the parameters of units 
and subsystems. In other words, the choice of the IC logic element 
type largely predetermines the performance cf equipment. 

IC logic elements in circuit form are usually called transistor logic 
circuits (though the term is not very fitting) and denoted by TL, with 
the addition of appropriate symbols that characterize a particular 
circuit version. But this system of notation is not strictly adhered to. 


10.2.2. Direct-coupled transistor logic (DCTL) and its versions. 
IC logic elements of this logic family basically use conventional paral- 
lel-connected transistor switches with a common collector load 
(Fig. 10.2). 

The simplest and historically first version of these integrated 
DCTL elements is shown in Fig. 10.2a by solid lines. Dash lines re- 
present the transistors entering into other similar IC logic ele- 
ments. The preceding logic element represented by a transistor T3 
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controls a switch 7/7, and transistors 74 and 75 that enter into the 
next logic elements are the load for the given element. 

It is easy to see that the circuit performs the NOR function when 
operated in positive logic. Indeed, if a low voltage level V° ~ 0 is 


+E, 





Fig. 10.2. Logic elements of the DCTL family 
(a) DCTL circuit; (b) RTL circuit; (c) RCTL circuit 


applied to inputs A and B, both transistors stay off, the current pas- 
ses through a resistor R, into the bases of T4 and T5, so that the out- 
put voltage of the logic element (see Fig. 10.2a) is 


Via V* (40.7a) 
But if a high voltage level V! = V* is provided at one of the input 
terminals of the logic element, the appropriate transistor becomes 


biased on and saturated at a sufficiently large base current. The out- 
put voltage level is then low and equal to a residual voltage 


V = Vees (10.78) 


The same level results if both transistors switch on. So formula (40.4) 
holds here. 
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In the negative-logic operation (V° = V*, V! = V,,,), the circuit 
acts as a NAND gate: a high output level (V°) is obtained only if 
both transistors are held in cutoff by applying low levels (V1) to 
both inputs. A change in the nature of the function implemented on 
converting from positive logic to negative logic, and vice versa, is a pro- 
perty common to all the IC logic elements, and so further we shall not 
illustrate this feature for each circuit. 

Taking into account the above values of logic levels, the logic 
‘swing for a DCTL circuit may be written as 


Vi = V* — Voes (10.8) 


For the normal current region and microampere region, V, is respec- 
tively equal to 0.6 V and 0.5 V. 

Since the logic swing is low over the supply voltage (which is 
commonly 3 to 5 V), the changes in current through the collector resi- 
stor R, prove insignificant, that is, the current remains almost con- 
stant. It thus can be said that in a DCTLcircuit, a change in the out- 
put level from V® to V! brings about only redistribution of current 
from the collector circuit of the given logic element into the base 
circuits of loads. 

The relations required for circuit design, in partcular, for the cal- 
culation of a circuit load capability, can be taken from Sec. 8.3. 

A serious disadvantage of DCTL is a nonuniform distribution of 
current between the bases of load transistors. The cause is the dif- 
ference between input J-V curves (see Fig. 8.5b). This difference by 
no means arises from the spread in parameters due to manufacturing 
factors (which is very small in ICs), but primarily results from the 
inevitable difference in the collector currents of saturated load tran- 
sistors. The dependence of the input /-V curve on saturation current 
follows from Eq. (8.6). For example, if the logic element of Fig. 10.2a 
has only one of the transistors turned on, then its saturation current 
is equal to F,/R,; if both transistors are on, the current in each is 
1/2 E./R,. 

The nonuniform distribution of a load current makes the DCTL 
circuit operation unreliable. This circumstance explains why this 
form of logic has evolved into other, more dependable forms. 

One of these forms—resistor-transistor logic (RTL)—is shown in 
Fig. 10.2b. It differs from DCTL in that the base circuits of transi- 
stors contain resistors of a few hundred ohms. These resistors permit 
equalizing the input /-V characteristics (see Fig. 8.5b), and hence 
balancing out base currents. The logic 1 level and logic swing here 
grow to Vi = V* 4+ J,R, (typically 1.5 to 2 V), but the base cur- 
rent turns out to be smaller than for the DCTL circuit. A decrease 
in the base current lowers the load capability and reduces the speed 
of the RTL circuit as compared to the DCTL circuit because of the 
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increase in the rise time of a signal in the transistor switch [see 
Eq. (8.17)]. 

A second form of DCTL—resistor-capacitor-transistor logic (RCTL)— 
is shown in Fig. 10.2c. This logic circuit differs from the preceding 
one by the presence of small-value capacitors shunting the resistors. 
At the moment of switching of the preceding logic element, these 





Fig. 10.3. ECL gate circuit 


capacitors “short out” the resistors for some time and ensure the 
increased values of base currents. The positive pulse rise time thus 
noticeably decreases. 

RTL and RCTL circuits were used in the first stage of development 
of microelectronics. However, in semiconductor ICs of high pack- 
ing density, they proved to have little promise on account of a con- 
siderable number of resistors and capacitors occupying a large area. 
One more, main, version of DCTL that plays an important role in 
modern microelectronics is considered separately in Sec. 10.3. 


10.2.3. Emitter-coupled transistor logic. A more widespread, 
though less accurate, term for this form of logic is emitter-coupled 
logic (ECL). 

The ECL circuit (Fig. 10.3) uses a current switch described in 
Sec. 8.6, for which reason it is sometimes called a current-mode logic 
(CML) circuit. But in distinction to a simple switch, the circuit here 
has a few parallel-connected transistors (77 and T2 in Fig. 10.3) 
placed in one of the circuit branches. These transistors are equipotent 
in the sense that the turn-on condition of any one (or all together) 
leads to switching of the current J, from the right branch to the left. 
Therefore, this logic circuit, like the DCTL circuit, performs the 
NOR function. 

The emitter followers 74 and T5 shift the levels of collector poten- 
tials by the value V*. As known, current switches cannot operate 
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jointly without this level shifting (see Fig. 8.44 where the value of 
shift is denoted by e). Substituting e = V* into (8.40) and setting 
5 ~ 0.1 V, we find that the ECL network is fit to work with the emit- 
ter followers present. 

Assume the voltages of level V®° are applied to both logic inputs, 
V° being low enough to make the emitter junctions of T/ and T2 re- 
verse biased. According to the NOR function, the voltage at the 
output C will then equal level V1. This level is easy to determine con- 
sidering that TZ and T2 are off, that is, V.. = E£,. Subtracting 
the voltage V* across the emitter junction of 74 gives 

yi= E,— V* (10.9a) 


Next, apply a forward bias voltage V1 to one of the inputs, input A 
for example. The voltage at the output C will not assume a value of 
V°. Suppose, as we did in Sec. 8.6, that the on transistor stays at the 
edge of saturation, that is, V., = V,, = V1. Subtracting V* and 
substituting Eq. (10.9a) yields 


y° = E, — 2V* (10.9b) 
Using Eqs. (10.9), we find the value of logic swing: 
V, = V*¥ + 0.7V (10.10) 


As seen, this value does not practically differ from that typical of 
the DCTL circuit [see Eq. (10.8)]. 
The bias voltage Ey is taken equal to the half-sum of levels V°® 
and V}: 
E, = E, — 3/2 V* (10.11) 


The levels V° and V! thus lie symmetric about Ey, +41/2 V* distant 
from it. 

The operating current J, is estimated from the equality V,, = V' 
that ensures the boundary conditions for an on transistor. Substitut- 
ing V., = E, — al,R, and V! given by Eq. (10.9a) into this equa- 
lity yields : 

al,R, = V* (10.12) 


The resistance R, is found from the condition (8.44) that provides 
for a minimum switching time. The values of R, usually lie from 0.5 
to 2 kQ, and those of J, from 0.35 to 1.5 mA. In calculating the power 
consumed, it is certainly necessary to allow for the currents in emit- 
ter followers. 

Using Eqs. (10.9) and (10.11), it is easy to show that in the initial 
state, with the level V° being set at both inputs, the emitter junctions 
of Ti and, 72 are at a forward bias of +1/2 V* = 0.35 V. This bias 
voltage is lower than the turn-off voltage, which is equal to about 
0.6 V (see p. 89). The transistors thus practically stay off. However, 
the circuit noise immunity, defined as the difference between the bias 
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voltage and the turn-off voltage, comes to merely 0.25 V. This value 
is about half as large as that for a DCTL circuit, where the transis- 
tors are driven into cutoff at V,., ~+0.1 V, which is 0.5 V lower 
than the turn-off voltage. 

To improve the noise immunity of a circuit, it may be found expe- 
dient to have the on transistors operated not at the boundary of satu- 
ration but in the quasisaturation region, that is, at a low (0.2 to 
0.3 V) forward bias on the collector junction. It is also possible to 
replace the followers by more complex level shifting circuits (see 
Fig. 9.20). The use of the latter is equivalent to an increase in V*. 
But such circuits contain additio- 
nal pn junctions or resistors and, 
hence, occupy a large area. 

So far it has been assumed that 
the transistor 73 performs an auxi- 
liary function, that is, “stores” the 
current J, when the logic transi- 
stors are off. However, it can be 
readily seen that 73 together with 
the follower 75 also implements 
a logic function; that is, in the ini- 
tial state, when V, = Vg = V°, ’ 
T3 remains on, and hence the out- Fig. 10.4. DTL gate circuit 
put voltage V° appears at D. If at 
least one of the logic inputs has 
a voltage level V1, T3 does not conduct and thus Vp = V!. Obvious- 
ly, the ECL circuit provides simultaneous NOR and OR outputs at 
terminals C and D respectively. That is why the ECL circuit is said 
to be adapted to realize the OR/NOR function. 

Let us note in conclusion that in practical ECL circuits it is usual 
to ground not a negative but a positive terminal of the power supply, 
and so all the operating voltages in the circuit of Fig. 10.3 are nega- 
tive. This does not certainly change the principle of the circuit and 
basic relationships, but grounding of the positive power line greatly 
decreases the effect of parasitics in the line on the values of le- 
vels V° and V}. 





10.2.4. Diode-transistor logic (DTL). In the DTL circuit shown 
in Fig. 10.4, diodes D7 and D2 perform a logic function, and a tran- 
sistor [ acts as an inverter. In contrast to the above-described cir- 
cuits, therefore, in this circuit the number of transistors is not related 
fo the number of logic inputs. 

Diodes D3 and D4 do not implement logic functions. Their task 
is to provide a constant voltage (level shift) between points a and J, 
for which reason they are called level shift diodes. So that the opera- 
tion of these diodes will be independent of the transistor state (pre- 
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sence or absence of the base current), the DTL logic gate has a level 
shifting network (R2 and —£). A certain “guard” current J, flows 
through this network, so D3 and D4 always operate in the forward 
direction and provide the shift level 2V*. 

Let the voltages at logic inputs be equal to zero in the initial state: 
Vs, = Vz = V® = 0. The diodes Di and D2 are then in the on con- 
dition, with J, passing through each. The voltage at point a is equal 
to the forward voltage on the diode: 


V, = V* 
The current J, assumes the form 
Iy = (E, — V*)/Ry 


The base potential on T will be 2V* lower than the potential at the 
point a, that is, 
V, = —V* 


Hence, the emitter junction of T is reverse biased and the transi- 
stor is fully driven into cutoff. This feature is one of the important 
advantages of the DTL circuit over the circuits discussed earlier, in 
particular, over the ECL circuit. Note that if the circuit uses only 
one diode instead of two, the base potential on the off transistor will 
be near zero, that is, about the same as in the DCTL circuit and its 
versions. 

The level shifting current J, is given by 


The resistance R, is chosen to be sufficiently large, and so the “guard” 
current J, does not exceed 0.1 or 0.2 mA. 

When T is off, the output voltage is a maximum, equal to the sup- 
ply voltage. This is obviously the logic 4 level: 


Vi= E, (10.132) 


Let the input A now be at logic 1 (V+). Since the voltage at the 
second input has remained equal to zero, D2 is on as before, and hence 
the voltage at point a is still equal to V*. Consequently, DZ is 
driven into cutoff at a large reverse voltage and the current through 
it drops close to zero. These are the only events that occur in the cir- 
cuit, and the output is at the level Eas before. The same will take 
place if the voltage V1 is applied to the input B only. 

The voltage V1 applied to both logic inputs reverse biases diodes 
D1 and D2; and the current J, flows the other wa y—through the level 
shift diodes to the transistor base. The transistor then switches on, 
the base potential becomes equal to V* and the collector potential 
(in the saturated state only) to V,.,. This last value is logio 
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level 0: 
V=V,.,;%01V (10.13) 


Thus the output voltage level changes from V! to V° only when all 
the inputs are at the level V1. So, the DTL circuit in the positive- 
logic operation acts as a NAND gate. This is one more feature of the 
given circuit that distinguishes it from the above-described circuits 
performing the NOR function. But the DTL circuit operated in nega- 
tive logic also realizes the NOR func- 
tion (see p. 378 ). 

It should be noted that the DTL cir- 
cuit shows a large logic swing. In a 
practical circuit, where each integrated 
logic element is connected to the pre- 
ceding and the succeding element, 
the swing will be the same as in the 
isolated circuit. Substituting Eqs. 
(10.13) in Eq. (40.6) gives 


Vi = Eo— Vres © Ee (10.14) 


10.2.5. Transistor-transistor logic 
(TTL, or T?L). For all its merits 
noted above, the DTL circuit suffers from a serious disadvantage 
that it has a large number of diodes. Because each diode (in essence, 
this is a transistor connected in the diode configuration) needs an 
isolated well, the area of an IC logic gate proves rather large. 

From Fig. 10.4 it is seen that the combination of logic diodes and 
level shift diodes corresponds to a transistor structure: two opposite- 
connected pn junctions. 

This suggests an idea of replacing the combination of diodes by 
a multiple-emitter transistor fabricated on one isolating well. The 
TTL circuit of Fig. 10.5 is the embodiment of this idea. 

The TTL circuit naturally performed the same function as the 
DTL circuit, namely the NAND function. There are two basic fea- 
tures that distinguish one circuit from the other. 

First, in the TTL circuit the multiemitter-transistor has only one 
collector junction that replaces two level shift diodes specific to the 
DTL circuit. Hence, with logic level O kept at the inputs, the base 
voltage of TJ will not be negative, as is the case for the circuit of 
Fig. 8.4, but close to zero (see p. 382). This does not affect the output 
level V1 because 77 remains practically off, but impairs somewhat 
the noise immunity of the circuit. However, the absence of bias source 





Fig. 10.5. TTL gate circuit 


1 Indeed, the emitter junctions of the on multiemitter transistor are at a for- 
ward voltage V*. The collector voltage of the multiemitter transistor, according 
to Eq. (4.32), is also near V* if the emitter current is present and the collector 
current is zero. So the difference between V, and V, is near zero. 
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—E and savings in the area for the level shift diodes and resistor R2 
pay for the impaired noise immunity. 

Second, in contrast to isolated diodes, the emitters of a multie- 
mitter transistor may interact with each other, producing what is 
called the lateral transistor effect (see Subsec. 7.4.1). As a result, 
the emitter being reverse-biased by V1 may let pass a parasitic rever- 
se current caused by the injection of electrons from the adjacent, 
forward-biased emitter. As it goes through resistor RI in the preceding 
logic element, this parasitic current will decrease the level V'. 

To eliminate the transistor effect, one has to take special precau- 
tions (see Subsec. 7.4.1) which generally lead to an increase in the 
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Fig. 10.6. TTL circuit versions 
(a) inverter circuit; (b) NOR gate circuit 


chip area. All the same, the use of this circuit enables substantial 
savings in area on the chip as against the DTL circuit. The TTL cir- 
cuit thus exhibits the space-saving feature and also retains the gene- 
ral advantages of the DTL circuit. That is why the former has prac- 
tically ousted the latter and presently enjoys the most extensive 
use. Expressions (10.13) and (40.14) presented in the above subsec- 
tion are fully valid for TTL circuits. 

Figure 10.6a shows a simple inverter using a single-emitter tran- 
sistor, and Fig. 10.6b shows a NOR gate circuit using two parallel- 
connected inverters. These examples illustrate the flexibility and 
versatility of the basic TTL circuit. 

One of the tangible limitations of the TTL circuit shown in 
Fig. 10.5, is its small load capability: if the circuit operates into seve- 
ral loads, the overall load capacitance (shown by a dash line) and 
the time constant CR, with which this capacitance charges grow 
accordingly. To speed up the charging of the capacitance and raise 
the load capability, the useful approach is to replace the simple 
inverter based on a single transistor by a composite inverter composed 
of three transistors and a diode (Fig. 10.7). This form of logic recei- 
ved the name TTL-3. 
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In the composite inverter, transistors 7, and 73 are connected in 
a Darlington circuit (see Fig. 9.1) and thus can be regarded as a unit; 
they switch on and switch off together. The resistor R2 is not a prin- 
cipal component: a fraction of J,, branches out into R2, thereby re- 
ducing /,, and thus the degree of saturation of 73. The combination 
of 72 and T3 may be regarded as a variant of the push-pull output 
stage (see Fig. 9.25) where the tran- 
sistors work in sequence: T2 char- 
ges the capacitor C (current J,) and 
T3 discharges it (current J,). The 
diode D drives T2 into cutoff with 
T3 on and in saturation, and the 
resistor R3 limits the current 
through 72 and 73 when T2 turns 
on while 78 is not yet fully off. 

Note that the use of the compo- 
site transistor 77-73 in the compo- 
site inverter improves the noise 
immunity to the level specific to 
DTL. The reason is that the net- aa Aaa a ek Mae 
work comprising the multiemitter- 5 '3. raposite ete. 8 
transistor collector junction con- 
nected in series with the emitter 
junction of 7/7 is equivalent to two level shift diodes in the DTL 
circuit (see Fig. 10.4). Last years have seen extensive use of Schottky- 
barrier transistors in TTL (see Subsec. 7.4.3). As distinct from con- 
ventional types, these transistors enable a higher switching speed 
(owing to the absence of saturation). However, a concurrent increase 
in the residual voltage (level V°) by 0.2 or 0.3 V causes a respective 
decrease in the logic swing. 
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This new family of IC logic circuits uses an injection-type power sour- 
ce. The principle of injection-type supply is generally applicable 
not only to digital but also to analog ICs. At present, however, it is 
practically applied only in digital circuits. Therefore, we consider 
the principle of injection-type supply using an IC logic element as 
an example. The adopted term integrated injection logic (I*L) for 
this form of IC logic does not appear appropriate. Injection-source 
transistor logic would be more correct and better name for it. 

The I?L circuits are the latest development of IC logic devices. 
There are no analogs of these circuits in discrete transistor engineer- 
ing; /*?Z units are adaptable for manufacture only in integrated form. 
In essence, they are another, most improved, modification of the 
DCTL circuit. It is worth elucidating this continuity because /?L 
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circuits appear to be unusual externally and do not remind directly 
of DCTL circuits. 

In I?L circuits, resistors R, are changed for dc generators J* (see 
Fig. 10.8a and 10.2a). This replacement does not affect the principle 
of an IC logic element, since in the DCTL circuit the current through 
R, practically remains invariable too (see p. 378). The advantages 
derived from the substitution of a current generator for a resistor 





(c) (d) 
Fig. 10.8. Stages of I?L gate development 


(a) replacement of resistor by current generator in DCTL circuit; (b) shifting of current gene- 
rators to base circuits of next logic elements; (c) connection of current generator between 
base and common “grounded” line; (d) I?L circuit (current generators not shown) 


will be explained later. And now let us formally shift all current 
generators to the “right”— to the bases of load transistors (Fig. 10.8). 
This will certainly exert no effect on the circuit operation. Finally, 
we shift the upper terminals of current generators from the line +-F, 
to the “grounded” line (Fig. 10.8c). In accordance with the theory of 
circuits, this shifting will not affect the operation mode of tran- 
sistors because the current of current generators does not depend on 
whether the series-connected emf sources (the source F, here) are 
present or not. 

As seen, a distinguishing feature of IL circuits is individual supply 
of power to the base of each transistor from its “own” current generator. 
These generators are often omitted for simplicity, and the circuit 
(Fig. 10.8d) then takes a somewhat strange form as if it were lacking 
power sources. 
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Individual current generators use pnp transistors connected in the 
CB configuration (Fig. 10.9a). 

This circuit form is known from Subsec. 9.11.2 (see Fig. 9.366). As 
shown earlier, this version has its pnp transistor formally operated 
in the mode of double injection (saturation) since the collector poten- 
tial is above zero. But if the voltage V, is at least 0.4 V below V,, 
injection at the collector junction does not essentially occur and the 
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Fig. 10.9. Current generators using individual pnp transistors (a) and one mul- 
ticollector pnp transistor (b) 


collector current remains constant, equal to a/J,. What ensures a 
smaller value of V, over V, is a noticeable difference between the 
emitter and collector currents in pnp transistors (see below). 

As seen from Fig. 10.9a, the emitters and bases of all pnp transi- 
stors turn out to be connected to each other. The possibility thus 
exists for replacing all pnp transistors by onep np multicollector transi- 
stor (Fig. 10.9d). 

Multicollector npn logic: transistors are likewise popular in I?L. 
The use of these transistors permits eliminating the main drawback 
of DCTL, namely, the effect of spread in input J-V characteristics. 
Indeed, the bases of T2 and 75 in Fig. 10.9b are fed from different 
collectors of TZ. The bases are thus “isolated” from each other, and 
so the nonuniform distribution of current between them is unlikely. 
As a result, the use of multicollector logic transistors greatly 
facilitates the implementation of intricate connections between the 
logic elements in complex digital ICs. 

The term injection-type supply is quite acceptable for the given 
IC logic element because the currents J* result from the injec- 
tion of holes through the emitter junction of pnp transistor. The emit- 
ter that acts as a current source is customarily called an injector and 
denoted Jnj in Fig. 10.9. Since the voltage F, is directly fed to the 
injector junction, then E, = V*. A low supply voltage is one of the 
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important advantages of I*L circuits. It is easy to see that this advan- 
tage is the consequence of replacement of resistors by current gene- 
rators. 

As known, applying voltage directly to a pn junction is objectio- 
nable, otherwise it would be difficult to secure a fixed value of cur- 
rent (see p. 89). A practical circuit, therefore, has a low resistance 
placed in series with the injector. The supply voltage then is little 
higher than V*, typically 1 to 1.5 V. 

The injector current is distributed among all collectors of the pnp 
transistors, the number n of which can be as large as 10 to 20 and more. 
So, if the overall gain of injector current is near unity (a> 0.9), 
the gain of each collector is 1/n as large. This suggests that the cur- 
rents J* and J;,; differ heavily: 


I* ~~ (1/n) Tiny 


Consequently, the forward voltage V* at the emitter junction of an 
npn transistor (that draws current /*) is lower than V* at the injec- 
tor junction. It is exactly this circumstance that enables the pnp 
transistor to meet the condition V, — V, > 0.1 V at which current 
stabilization becomes possible despite forward biasing of both junc- 
tions (see above). 

The logical analysis of I?L circuits commonly involves the use of 
an equivalent circuit shown in Fig. 10.8c. It is assumed here that 
the transistor base is either bypassed to “ground” (if in the preceding 
logic element one of the transistors is biased to saturation) or “open- 
circuited” (if in the preceding logic element all transistors are held 
cut off). In the first case, the given transistor is off and the current 
I* goes through the transistors of the preceding logic element. In 
the second case, the current /* fully flows into the base of the given 
transistor and drives it to saturation. Let, for example, the transi- 
stor in Fig. 10.9b be in saturation. Its base then draws current I* 
from the lower collector of 7’) (because TJ is cut off) and its collector 
receives J* from the upper collector of 7’) (because T4 is also off: its 
base is at a small residual voltage of the saturated transistor T2). 
Consequently, Ib, = I,, = I*. The saturation condition (8.4) here 
takes the form B/*>J* or 


B>1 (40.15) 


As is clear, the requirements on the base current gain are minimum. 
The common condition (10.15) is fulfilled over the microampere 
region, at currents from 5 to 10 yA. This is still another important 
merit of I?L circuit, which, along with a low supply voltage, aids 
in a sharp decrease of the power consumed. 

The logic levels and logic swing in I*L circuits are described by 
the same formula and have approximately the same values as for 
the DCTL circuit [see Eqs. (10.7) and (40.8)). 
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The unique circuit design of I?L is combined with the unique fab- 
rication approach. In Fig. 10.10 are shown the structure and geometry 
of a typical I?L circuit. For the illustrative purpose, the transistor 
numbers on the right side of the figure and the connections between 
transistors correspond to those in Fig. 10.9b. 

The role of the emitter, common to all npn transistors, is played 
by an epi-n layer with an nt substrate (the latter essentially forms 
an ohmic contact to the nm layer). In I?L circuits, there is generally 
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Fig. 10.10. Structure and geometry of an I?L circuit 


no need to isolate npn transistors from each other because the common 
emitter layer is not objectionable but rather necessary as regards the 
structure of the circuit (see Figs. 10.8 and 10.9). 

The injector is fabricated in the form of a long p stripe grown at 
the stage of base diffusion. The pnp transistor base is an epi-n layer, 
and the collectors are the base p layers of an npn transistor. So, the 
pnp transistor has a lateral structure (see Fig. 7.21) and a homoge- 
neous base, and thus represents a diffusion transistor. 

The npn transistors are inverse multiemitter types, the detailed 
discussion of which was made in Subsec. 7.4.2 (see Fig. 7.17). To 
raise the normal current gain of a multicollector npn transistor, it 
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is desirable that the n layer can be made as thin as possible and the p 
base width be smaller. 

The npn transistor can lie both perpendicular to the injector 
(T1-T3 and T,, in Fig. 10.10) and parallel to it (7, + 1). The injec- 
tor itself should not necessarily be made in the form of a special layer. 
The p* substrate shown in Fig. 10.41 may perform the function of 
the injector. In this version, the pnp transistor is not lateral as it is 
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Fig. 10.41. Structure of an I?L circu- 
it with the substrate acting as an 
injector 
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in Fig. 10.40, but vertical. A major advantage of this version is a 
free space available on the chip surface because the injector strip is 
absent. There are many other versions of the I?L circuit as regards 
its design, structure, and geometry. 

In summary, the advantages of I?L are as follows: the absence of 
insulating islands (space saving); absence of resistors (and hence 
space saving, a decrease in supply voltage, power dissipation, and 
delay times); small collector capacitance (due to small areas of n* 
layers); and low residual voltage in the saturated state. The last 
advantage is due, first, to the fact that the n* collector layer is low- 
resistant [that is, the resistance r,, is low, see Eq. (8.1)] and, second, 
to the fact that the inverse gain B; ranges from 100 to 150 and over. 
Consequently, the summand V,, in (8.4) can be equal to fractions 
of a millivolt as follows from (4.39). 


10.4. MOS Logic 


MOS logic circuits presently use MOSFET switches, or inverters, 
considered in Sec. 8.7. 


10.4.1. MOS logic using switches of the same conductivity type. 
As in Subsec. 8.7.2, we shall focus here on induced n-channel transi- 
stors since they operate at positive supply voltage and thus are more 
convenient for analysis. 

Integrated circuit MOS logic elements are easier to analyze than 
bipolar logic elements because input (gate) circuits of the former do 
not practitally draw current. 

So, while operating in the network, individual logic elements fun- 
ction independent of one another, and each can be analyzed disregard- 
ing the effect of the preceding and the next logic element. In parti- 
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cular, logic levels V° and V' do not depend on load and remain the same 
as they are in the open-circuit condition. The effect of the succeed- 
ing (driven) logic element results only in an increase of the output 
capacitance of the given logic element. 

In Fig. 10.42 are shown two standard versions of logic elements 
employing n-channel MOSTs. Both circuit versions utilize dynamic 
load because the use of load resistors leads to a sharp increase of the 
chip area and does away with one of the basic merits of MOS logic— 
a high level of integration. The logic element of Fig. 10.12a is built 
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Fig. 10.12. MOS logic elements using switches of the same conductivity type 
with parallel (a) and series (b) connection of logic transistors 


on the same principle as a DCTL element (see Fig. 10.2a): logic tran- 
sistors 77 and T2 are connected in parallel, and when each is turned 
on, the output level is decreased. The circuit thus performs the NOR 
function. 

The logic levels in a MOS logic circuit represent the output volta- 
ges of the switch in the on and off conditions (see Fig. 8.17b). In the 
on state, the residual voltage at the switch is defined by Eq. (8.49). 
Given the proper geometry of transistors, this voltage is as low as 
in bipolar switches (0.05 to 0.15 V). It may thus be assumed that 


V=V,,, 2 01V (10.162) 


It will be recalled that a small residual voltage presupposes the 
smallest possible channel width of a load transistor as against the 
channel width of an active transistor (see p. 291). It should also be 
noted that in a MOS logic circuit the residual voltage decays in pro- 
portion to the number of forward-biased logic transistors, because 
the parallel connection of transistors is equivalent to an increase 
in the specific transconductance b, in Eq. (8.49). 
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With the switch off, the output voltage approaches the supply 


voltage: 
Viw Ey (10.16) 
Consequently, the logic swing 
Vi = Ey— Vries ® Eg (10.17) 


In MOS logic circuits, the supply voltage is usually taken to be threo 
to four times the threshold voltage. So, if V) = 1.5 to 3 V, then the 
logic swing (5 to 10 V) far exceeds the swing values specific to DCTL, 
ies ree and even DTL and TTL circuits (at supply voltages of 

or 5 V). 

One more advantage of MOS logic is improved noise immunity. 
Really, the input of an off transistor is at the logic level V°. So, to 
drive the transistor on requires the voltage V, — V® that is near tho 
threshold voltage (4.5 to 3 V), whereas in bipolar logic gates discus- 
sed earlier this voltage is 1 or 2 V* (0.7 to 1.4 V). 

The MOS circuit of Fig. 10.12b has its logic elements connected not 
in parallel but in series. That is why the passage of current in the 
circuit and hence a low output voltage level V° are only possible if 
all logic transistors (two here) go on. This condition prevails when 
applying the level V1 to all logic inputs. It is obvious that the given 
logic element realizes the NAND function. 

The level V! in this circuit is the same as in the preceding circuit, 
but the level V° is higher: it is proportional to the number of series- 
connected logic transistors and can be as high as 0.2 to 0.5 V and 
over. The logic swing will be smaller accordingly. At supply voltages 
of 10 V and above, this drawback is of little significance. But in 
low-voltage circuits with low threshold voltages, the increased level 
V° presents a certain problem. 

As with simple MOS switches, the speed of MOS logic circuits is 
limited by the recharge rate of output capacitance C (shown by a 
dash line in Fig. 10.12). The value of C is proportional to the number 
of driven logic elements and is also dependent on the capacitance of 
metallization [see Eq. (7.4)]. 

To raise the switching speed it is required to increase the operating 
currents of transistors, that is, to increase their specific transconduc- 
tances. But, as follows from Eq. (5.7), this approach necessitates a 
larger channel width, that is, a greater area for transistors on the 
chip. Besides, with the increased operating currents the power dis- 
sipation grows, this being one more obstacle on the way to raising 
the packing density. Because of the difficulties given above, practi- 
cal MOS logic circuits are not as fast as bipolar gates. 


10.4.2. MOS logic using complementary transistors (CMOS logic). 
Simple CMOS switches were discussed in Subsec. 8.7.3 (see Fig. 8.18). 
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The basic merit of these devices is that a change in the output volta- 
ge is not related to the change in current, which remains near zero. 
This advantage—very small power demand—is also inherent in 
CMOS logic elements. Two standard circuit forms of these elements 
are given in Fig. 10.13. By the principle of action, they are similar 
to the circuits of Fig. 10.42. 

Figure 10.43 clearly shows a regular feature of CMOS circuits: 
parallel-connected transistors of one type are followed by series-connected 


tEy Ey 


C=AB 





(b) 


(Y 
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Fig. 40. 13. CMOS logic elements using complementary switches with paralle? 
(a) and series (b) connection of logic transistors 


transistors of the other type. The function performed is determined by 
the connection of transistors in the “lower row” (cf. Fig. 10.42). 
In the circuit under study, these are n-channel transistors. On revers- 
ing the polarity of supply voltage, p-channel transistors will appear 
in the lower row. 

Assume both logic inputs in the circuit of Fig. 10.43a are at level 
V° < V,. In this state, the channels in n-channel transistors TI 
and T$ do not appear (transistors are off). The channels in p-channel 
transistors T2 and T4 are produced because the potential difference 
V° — Ea = Vg, exceeds the threshold voltage in magnitude. But 
since negligible currents of the off transistors T7 and T3 flow through 
the channels, the voltage drop across them will be negligible too 
[see Eq. (8.54b)]. It may then be assumed that the output voltage 
is equal to the supply voltage. This is exactly a 4 output. 


Vi= Ey (10.482) 


If an input voltage V1 is applied to the terminal A, a channel builds 
up in 77, but the channel in 72 disappears (the transistor goes off). 
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A negligible residual current of T2 flows through the channel of T/ 
and practically causes a zero voltage drop. In this case it may bo 


assumed that 
ye=0 (10.18b) 


Vi = Eq (10.4%) 


Apart from high economical efficiency, additional advantages of 
CMOS logic over MOS logic are low operating voltages (up to 2V, 
and less) and higher speed (see Subsec. 8.7.4 at the end). The circuit 
of Fig. 10.13b features similar parameters. Its operation is analyzed 
by reasoning in the same way as that presented above. 


The logic swing then is 


10.4.3. Dynamic MOS logic (DMOS). A common feature of any 
family of MOS logic circuits is dielectric isolation of logic elements 
from each other in the circuit due to a great value of input resistance 
on the gate side. This offers the possibility of developing a specific 
class of logic elements in integrated circuit form—circuits of the dy- 
namic type’. Let us illustrate this possibility by considering an exam- 
ple of the circuit shown in Fig. 10.12a. 

Disconnect the gate of a transistor T3 from the supply line and app- 
ly to 73 trigger pulses with an amplitude V..... = Eg (Fig. 10.14a). 
These pulses are known as clock pulses, and the mode of operation 
of a logic element at clock pulses as the synchronous mode. The IG 
logic elements discussed above were assumed to be operated in tho 
asynchronous mode. It is obvious that in the absence of a clock pulse, 
when Vejoor = 0, the transistor T3 is biased off irrespective of the 
state of logic transistors. In this condition, the power is not drawn 
from the supply source. 

Upon arrival of a clock pulse, the gate of a load transistor practi- 
cally becomes connected to the supply line; the circuit thus assumes 
the same configuration as that shown in Fig. 10.12a. So, when a clock 
pulse occurs, the synchronous logic element functions in the same man- 
ner as the asynchronous one, and either draws or does not draw power 
depending on the state of logic transistors. 


_ } As applied to digital devices, the term “dynamic” reflects the time factor 
involved in circuit operation. The fact is that dynamic circuits, as shown by 
the text, use eorecer charges that are retained for a limited time and primarily 
determined by leakage current. In “static” cricuits such a limitation does not 
exist: they operate on the principle of changes in voltage or current levels. 

2 The terms “synchronous” and “asynchronous” refer not only to individual 
logic elements but also to systems made up of these elements, in particular, to 
computers. in synchronous systems, all elements, units, and blocks are con- 
trolled by clock pulses. Thus, the specifics of the synchronous mode, as des 
cribed in the text, also relate to systems. It stands to reason that bipolar ICs 
can also be operated in the synchronous mode provided the loads in the logic 
elements are made controllable. 
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From what we have said above it follows that the synchronous 
mode ensures lower power dissipation. The gain in power is 
determined by the relative pulse duration, which is the ratio of 
pulse time period 7 to pulse width, or duration ¢t.1,.,. The larger 
the ratio T/t.1o,,, the higher the saving in power. But the pulse 
width is limited by the time taken for the recharge of parasitic capa- 
citance C, and the pulse period 7 by the desired message transmission 
speed (operation rate of a logic element). 

In devising a DMOS logic element, the simple circuit of Fig. 10.14a 
should be furnished with a switch 75 which isolates the output of 
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Va Fig. 10.14. Synchronous 
MOS logic element (2), DMOS 
Vy logic element “without ratio” 
(b), and waveforms for the 
\; DMOS logic element (c) 


the given logic element from the input of the next one (Fig. 10.14). 
The switch 75 in combination with capacitors C1 and C2 forms a 
memory circuit. The capacitances can be either “parasitic” (which 
add up to C in Fig. 10.14a) or be specially provided on the chip. The 
switch 75 is controlled by auxiliary clock pulses V’ .,-, shifted rela- 
tive to the main pulses V.14.,. The circuit operation is illustrated by 
pulse waveforms shown in Fig. 10.14c. Assume for simplicity that the 
input cut-off voltage V° at terminal B remains invaria ble and the 
voltage at terminal A takes a value of V! or V°. Suppose V4 = V# 
in the initial condition (that is, 77 is on). Then, in the interval be- 
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tween clock pulses when 73 is biased off, a negligible current flows 
through T7 and the residual voltage at the output (at a) is practi- 
cally equal to zero [see Eq. (8.51b)]. 

Upon arrival of the next pulse V.1.,, (at t,), T3 switches on, anil 
a residual voltage sets in at point a, which depends on the ratio be- 
tween the specific transconductances of an active and a load transi- 
stor [see Eq. (8.49)]. If the dimensions of transistors are comparable, 
this voltage may be rather large. As the pulse V.1,., ceases, V, again 
drops to zero. 

When a pulse V¢,,,, occurs (at ¢,), the switch 75 goes on. In this 
condition, CZ and C2 become connected in parallel, with the same 
voltage being maintained on each capacitor (equal to zero in the 
given case). After cessation of the pulse Vion, the switch T5 beco- 
mes off and C2 remains at the zero voltage despite the fact that when 
the next pulse V.;,,; arrives at moment ¢,, the voltage V, again rises 
temporarily. 

Thus, at the input of the next logic element (at b) the level V® is 
equal to zero irrespective of the ratio b,/b, for the preceding logic ele- 
ment. This circumstance permits us to choose the ratio b,/b, close 
to unity, that is, to decrease the dimensions of the active transistor 
to those of the load transistor and thus save a considerable amount. 
of space on the chip. This is one of the important advantages offered 
by DMOS logic. 

The DMOS logic circuits built according to the described principle 
are referred to as circuits “without ratio”, and the simple circuit of 
Fig. 10.442, where the inequality b,/b,>> 1 must be met, is known 
as a circuit “with ratio”. 

With the voltage V, = V° applied (at t,) to the terminal A, the 
transistor TZ switches off, and the next pulse V..,,, arriving at the 
moment ¢; causes V, to rise to the level V1 = Vy. This level then 
keeps constant because TJ stays off. When the switch T5 assumes 
the on condition anew (at t,), the capacitor C2 charges to the same 
voltage level’, which does not change after driving T5 into cutoff. 

From the above description we can conclude that in the circuit 
“without ratio”, information is transferred from one logic element 
to the other with a delay, that is, with a shift by one clok period. 


10.5. Logic Element Parameters 


All logic elements are defined by a certain set of parameters given in 
reference books and other kinds of documentation. Most of the para- 
meters have a clear, officially adopted, definition, which excludes the 





1 With m3 in parallel with C1, the voltage generally drops off because of 
charge distribution between the capacitances. But this drop in voltage is insi- 
gnificant if Cy >> C,. 
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ambiguity of measuring techniques and enables comparison of the 
different types of logic element. The full list of parameters is far too 
long. Therefore, we shall introduce the reader to a limited number 
of parameters to begin with; namely, to the parameters which are 
most important for comparative estimations. 

Mean power dissipation per gate. Its expression has the form 


P = 1/2 (P9 + P}) (10.20) 


where P® and P! are the powers consumed by an IC logic element in 
the logic 0 and logic 4 states respectively. 

The definition of the mean power relies on the fact that in a com- 
plex multiple-element device, on the average, one half of the logic 
elements assumes the 1 condition and the other half the 0 condition 
simultaneously. Thus, multiplying the value of P per gate by the 
number of gates yields the desired source power. 

From Eq. (10.20) it is seen that the mean power P is a static quan- 
tity: it does not include the power lost during short transients when 
the logic element goes from logic 1 to logic 0 and vice versa. 

Mean propagation delay time. This is the switching speed of a gate 
given by 


tpa= 1/2 (tpa’ + 83") (10.21) 


where ie and #3’ are the mean propagation delays between the lead- 
ing edges of output and input waveforms at switch-on (when V,,; 
changes from V°® to V") and at switch-off (when V,,,, changes from V! 
to V°). Delays are measured either at the 50% level of the maximum 
pulse. amplitude or at the level of sensitivity threshold (see p. 300). 

Since a transient depends on the nature of a load, the delay time 
is estimated under definite output conditions assuming that the load 
of the given logic element is the input circuit of a similar logic 
element. 

Mean power-delay product. This parameter (also known as a speed- 


power product) 
A = Ptpg (10.22) 


characterizes both the economical efficiency and the speed of an IC logic 

element. At present, it is by this parameter that one makes the first- 

priority comparison of the different types of logic element and, in 

oe the estimation of new types as regards the promise they 
old. 

The power-delay product as a parameter has a definite physical 
meaning. The simplest way to reveal this aspect is to consider an 
example of the DCTL circuit shown in Fig. 10.2a, assuming that the 
mean power dissipated by this IC gate is 


P= ER, 
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Table 10.1 
Basic Parameters for Integrated Logic Elements 

Logic family P,mWw tpar BS A, pd Vn st: V Kf-in Ky-out 
TTL 50-100 0.8-1 
Schottky B20 el Sopesor || asco | ee ie 
TTL 2-10 
ECL | 20-50 rE 7-3 | 20-50 | 0.2-0.3 | 2-5 | 10-20 
PL | 0.01-0.4 | 40-100 |o.22 | 0.02-0.05 | 4 | 3-5 
MOS 1-10 20-200 50-200 2-3 
CMOS 0.01-0.1 | 50-100 |0.5-5.0| 1-2 ere Ae 




















(where £ is the supply voltage) and the mean propagation delay in 
toa = RL, 
where C, is the overall capacitance connected to collectors!. Then, 
disregarding the numerical coefficients (which should have been 
entered into the expressions for power dissipation and delay time), 
the mean power-delay product will take the form 
Aw EC, (40.23a) 


Considering that the capacitance is first of all proportional to the 
area of a transistor and assuming, for clarity, that the transistor is 
square in configuration, we rewrite Eq. (10.23a) to obtain 

A» E*d@? (10.23b) 


where a represents linear dimensions of the transistor. 

It is obvious from Eq. (10.23) that the power-delay product desc- 
ribes the physical-manufacturing and circuit engineering level of inte- 
grated circuits because the area of a device and the operating voltage 
depend in the final analysis on the device type, its structure, tho 
resolution of photolithography, and other analogous factors. 

At the given physical-manufacturing and circuit engineering le- 
vel, with A being specified, it is possible to realize logic elements 
in various circuit configurations. Unfortunately, as seen from 
Eq. (10.22), they will show either a high speed at low efficiency or, 
on the contrary, a high efficiency at low speed. This inverse relation- 
ship is well known to IC development engineers and is clearly evi- 
dent from Table. 10.4. 

1 This definition of the delay time does not allow for either the storage time 
or the transit time for carriers in the base, that is, the delay is assumed to beay 
small as_ possible. 
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The principal way of advancement in the physics, technology, and 
circuit engineering of microelectronics must be the way of decreasing 
the power-delay product. This statement is fairly evident from the 
experience gained over the last 10-12 years in raising the packing 
density of elements (which had led to a reduction in the power-delay 
from 50-100 pJ to 2-5 pJ), from the development of I?L (see Table 
10.4), and from the researches aimed at designing unique electro- 
nic devices quite distinct from transistors. For example, the use of 
the Josephson effect permits in principle decreasing the power delay 
product to 10-* pJ and below. 

Static noise immunity. This parameter V, ,; is amaximum possible 
voltage of static noise at which changes in the output levels of an 
IC logic element do not yet take place. By static noise are meant 
parasitic voltages and currents whose duration is larger than the 
time it takes to switch the logic element from one stable state 
to the other. The mechanism of this noise and the methods for its 
analytical estimation were discussed in Sec. 8.8. 

Noise immunity is sometimes evaluated as a ratio of V, ,; to the 
logic swing. This parameter 


Kn st = Vn st/Vi (40.24) 


/ 


is called the noise immunity factor. 

Fan-in K;-in. This is the number of inputs that can be connected 
to a logic gate. There is a certain limit to thenumber of inputs (for 
example, to the number of transistors in an RTL gate or emitters 
in a TTL gate). This limit is due not only to design and manufactur- 
ing factors but also due to the interaction between inputs and to 
increased delays (because each logic input introduces an additional 
capacitance). 

Fan-out K;-9,1. This is a permissible number of loads that can be 
driven from one output of the given integrated logic element. The 
load is an input of a similar logic element. An increase in the fan-out 
is limited by the operating current, spread in parameters, and 
also by higher overall output capacitance and thus longer delays. 

If there is a need to increase the fan-in and fan-out, special buffer 
stages, known as input and output expanders, are connected to logic 
elements at the inputs and outputs respectively. With these; facili- 
ties, the gates are said to be expandable. 

The typical parameters of basic modern IC gates are listed in 
Table 10.1. The data illustrate those features of individual logic 
families which were noted above in respective sections. ECL circuits 
and Schottky (barrier) TTL circuits are fastest; DMOS circuits and, 
in particular, CMOS circuits are most economical. In the bipolar 
logic family, I?L circuits are most economical in operation. 
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10.6. IC Flip-Flops 


In Sec. 8.9 we have shown that flip-flops employ switches with a po- 
sitive feedback loop placed around them. From Fig. 8.28a it is seen 
that the RS flip-flop consists of two pairs of transistors. One tran- 
sistor in the pair is a triggering transistor and the other is included 
into the feedback loop. Now that we are familiar with logic elements, 
it can be readily seen that each pair in the RS flip-flop represents 





Fig. 10.15. RS flip-flop using two NOR gates 


a two-input DCTL NOR gate (the NOR gate using transistor logic 
in DCTL form). For clarity, Fig. 10.15 shows the same flip-flop with 
the use of the standard designations for NOR logic circuits (see 
Fig. 10.1d). 

The conclusion we have just made is general in character: any flip- 
flop is a combination of a few logic elements connected in a definite 
manner. The number of IC logic elements used and the methods for 
their connection differ with each type of flip-flop. Correspondingly, 
the functions they perform differ too. Along with RS flip-flops, the- 
refore, there is a rather large variety of other flip-flops. The type of 
logic element used in a flip-flop determines such basic parameters 
as the switching speed, power dissipation, loading factor, and others. 

In the above sections we have treated in detail the schematic dia- 
grams, parameters, and features of logic elements. Therefore, hero 
we shall restrict ourselves chiefly to block diagrams in order not to 
distract the attention and look into the details of schematic diagrams, 
the more so as the latter have a rather complex configuration if they 
involve a large number of gates. 


10.6.1. RS flip-flop. The logic circuit configuration of an RS 
flip-flop using NOR gates is shown in Fig. 10.15. Its logic formula 
and block symbol appear in Fig. 10.16. The superscripts n and n ++ 4 
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stand for the values of the Q output before and after arrival of clock 
signals, that is, during the mth and (n + 41)th clock period. 

As known, the voltage levels at both flip-flop outputs are diffe- 
rent and simultaneously change to logically opposite levels. That 
is why in the flip-flop symbol, one of the output is labelled Q and 
the other Q (the condition of inversion is generally denoted by a cir- 
cle on the side of a rectangle). The Q output is regarded to be the 


gp" =s+n9" 
T g 
Fig. 10.16. Symbol for an RS flip- A = 
flop d g 


main output: the values of Q represent the state of the trigger as a 
whole. Thus the statement “the trigger assumes the 4 condition” 
means that the Q output = logic 1 (Q = logic 0). 

In order to avoid repetition in the further discussion, let us verify 
the logic formula (see Fig. 10.16): 


MMS =0, R=0, then Q?*?=0 41-07 = Q" 
if S=0, R=1, then Q***#=0+0-G7°=0 
~ if § =41, R=0, then O42 =141-07=1+4+Q"=1 


One more possible set of conditions (S = 1, R = 1) will be conside- 
red a little later. 

Based on the conditions given above, we arrive at the following 
conclusion: the signals to both S and A inputs (signals represent 
logic 1) provide an unambiguous state of the flip-flop. The signal S = 1 
causes Q = 1 and signal R = 1 causes Q = 0. As the signal ceases, 
the accepted state does not change. 

Turn now to the set of conditions S = 1 and R = 1. Whatever 
the preceding state of the flip-flop can be, these input signals, as 
clear from Fig. 10.15, cause the same logic levels at the outputs: 
Q = Q = 0. This circumstance alone points to an abnormal situa- 
tion. But the main contrudiction lies in the fact that after cessation 
of the S and R signals, the flip-flop assumes an indefinite state: at 
the first moment both pairs of inputs stay at the logic 0 levels. Being 
affected by internal fluctuations, the flip-flop may pass to any of 
the two stable states with equal probability: Q = 1 or Q = 0. This 
fact was duly discussed in Subsec. 8.9.2. For this reason, the set S = 
= 1, R =1 in the given flip-flop is inhibited, that is, it must not 
be encountered in the flip-flops used in electronic equipment. This 
inhibition is clear from general considerations: it is prohibited tv 
26—0128 
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apply simultaneously opposite instructions to the flip-flop: “set to 
4 (S)” and “reset to 0 (R)”. 

RS flip-flop can certainly use not only NOR gate circuits but also 
NAND gate circuits (for example, in TTL form). NOR gate circuits 
can evolve into NAND gates by changing all the input and output 
variables to logically inverted variables (see p. 378). The RS flip-flop 
composed of NAND gates will have a configuration as shown in 
Fig. 10.17a. The logic formula for this flip-flop circuit form is the 





GO 09 
(a) 


Fig. 10.17. RS flip-flop using two NAND gates 


(a) circuit evolved by inverting input and output quantities of circuit in Fig. 10.15; (b) same 
circuit with internal input inverters 





same as that given in Fig. 10.16. But in contrast to the circuit of 
Fig. 10.15, here the position of the main output Q has changed, and 
the inputs have to receive inverse signals S and R. If the inverter 
forms part of an integrated logic element circuit, the symbol of the 
latter changes—a circle appears at the input (Fig. 10.17b). 
Schematics of RS flip-flops made in I*L and T?L forms are given 
in Fig. 10.18: The first circuit (see Fig. 10.182) employs NOR logic 





(a) 
Fig. 10.18. I2L RS flip-flop (2) and TTL RS flip-flop (6) 


elements and operates in the positive logic condition; the second cir- 
cuit (Fig. 10.185) is a negative logic NAND-gate flip-flop. 


10.6.2. RST flip-flop. The RS flip-flop considered above belongs 
to the class of asynchronous circuits which change state only with 
a change in the level at the appropriate input. In wide use are syn- 
chronous flip-flops, or RST flip-flops, which can change state only 
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after arrival of special, clock pulses (for comparison see Subsec. 10.4.3). 
Within the clock-pulse space width, changes in the levels at the S 
and R inputs do not cause changes in the condition of the flip-flop, 
but only “program” that state which the circuit will assume on ap- 
plying the next clock pulse. 

In the notation of RST flip-flops, the letter T denotes the toggle 
input that receives clock pulses (in the logic diagrams, therefore, the 





Fig. 10.19. RST flip-flop 
(a) block diagram; (b) symbol; (c) waveforms 


T input is identified as C for clock). The block diagram, logic sym- 
bol, and operating waveforms of an Ben eee are presented in 
Fig. 10.19. 

As is clear, the circuit is basically a set-reset arrangement made up 
of NAND gates (see Fig. 10.17a). The inputs of this flip-flop are con- 
trolled by two more NAND gate circuits which invert the S and R 
levels at each clock pulse C. If a clock pulse does not occur (C = 0), 
the NAND circuits remain inactive and the RST flip-flop does not 
change state. The effect of a clock pulse may be defined by a logic 
ormula 


Q"+14=C(S+ RQ") (10.25) 


10.6.3. T Flip-flop. In Subsec. 8.9.3 we have mentioned that a 
comron-input flip-flop is only possible if the circuit has an inter- 
nal memory. Fig. 8.30 shcws such an internal memory provided by: 
two memory capacitors. As known, it is usual practice to strive to 
avoid the use of capacitors in integrated circuits. Thus it is nece- 
ssary to secure the memory by a circuit design approach. 

The block diagram of an IC flip-flop with a common input (T flip- 
flop), and also its logic symbol and waveform are illustrated in 
Fig. 10.20. It is obvious from the figure that the T flip-flop consists 
of two RST flip-flops (AJ and N) and an inverter which feeds an 
inverted clock pulse to the N flip-flop. In essence, this is a master- 
slave flip-flop, M being a master, and N a slave. 

In the interval between clock pulses (when C = 0), the output. 
levels in both flip-flops are equal: Q = Q,. Assume, for example, 


26% 
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that Q = Q, = 1 (see the initial state in Fig. 10.20c). So that the 
next incoming clock pulse will change the state of the master flip- 
flop (that is, provide Q, = 0), it is first necessary to establish cor- 
responding levels at its inputs: S; = 0 and R, = 1. This function 
is performed by cross feedback paths going from the output of tho 
slave to the input of the master. Indeed, from Fig. 10.20a it follows: 


S; =Q=0 and R, = Q = 1. Thus, in the interval between clock 
pulses the master is ready to toggle as the next clock pulse occurs (at ty 
in Fig. 10.20c). 

As for the slave flip-flop, its state cannot change at the time of 
clock pulse since during this time its clock input is disabled by an 





Fig. 10.20. T flip-flop 
(a) block diagram; (b) symbol; (c) waveforms 


inhibit signal C = 0. Consequently, at the time of the clock pulse 
the Q and Q outputs do not change and, hence, nor do the S, and R, 
inputs. The last circumstance ensures reliable locking of the master 
in either of the states. 

Figure 10.20a clearly indicates that switching of the master entails 
a change in the S, and R, levels at the slave inputs. That is why 
by the end of the clock pulse propagation, the slave becomes prepared to 
switch to a new condition that corresponds to the new condition of the 
master. Such switching occurs when the clock pulse ceases and an 
enabling signal C = 1 (at ¢, in Fig. 10.20c) appears at the clock 
input of the slave. 

Thus, every clock pulse causes the T flip-flop to assume a new stable 
state but with a delay equal to the clock pulse duration (the same 
shift occurs in the classical T flip-flop with a capacitive memory, 
see Fig. 8.30b). The logic formula for the T flip-flop may be written as 


‘ Q"+t = CQ" + CQ” (10.26) 


where CQ” is the value at the time of the clock pulse; and CO" is 
the value after the clock pulse cessation. 
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10.6.4. JK flip-flop. The jump-keep (JK) flip-flop is most ver- 
satile. The J and K inputs, like S and R inputs, provide the desired 
state, but, in distinction to an RS flip-flop, this circuit allows for 
the set of conditions J = 1, K = 1. By the principle of action, JK 
flip-flops belong to the category of synchronous devices: the output 
sevels set in only after arrival of clock pulses. The block diagram, 
lymbol, and waveforms of a JK flip-flop are illustrated in Fig. 10.24. 

The JK flip-flop is seen to be built from a master-slave T flip-flop. 
However, the S and R inputs here are cross-connected to the outputs 


Ps S] 
fe St 
“ ™ 
—, |e 

ARew 





(6) 


Fig. 10.24. JK flip-flop 
(a) block diagram; (b) symbol; (c) waveforms _/ 


not directly, as the T flip-flop, but via two-input AND circuits, 
with one input of each intended to receive signals J or K. With 
input levels 7 at both J and K, the AND circuits convert to 
followers transmitting the levels applied to 7 and 2, and the unit 
behaves like a T flip-flop (t.-¢, in Fig. 10.21c). With different input 
levels, the circuit behaves like an RST flip-flop (interval ¢,-f,) where 
the level J provides Q = 1 and the level K provides Q = 0. 
The logic formula for a JK flip-flop is 


Q"*1 = JQ" +KQ" (10.27) 


In particular, at J = 1, K = 1, we have Q"+! = on [the same as in 
the T flip-flop at C = 1, see Eq. (10.26)]. | 


10.6.5. D flip-flop. The characteristic feature of a delay (D) flip- 
flop lies in that it does not change state until the arrival of the next 
clock pulse. Fig. 10.22 shows the block diagram of a D flip-flop, along 
with its logic symbol and waveforms. 

Obviously, the D flip-flop is a JK circuit modification with the 
J input connected to the K input via an inverter. The K input is 
thus dependent: a signal to this input is related to a signal at the 
main input by K = J=D. Inthe interval hetween the clock pulses 
when C=O, the signal at the input D can either remain 


406 Ch. 10. Integrated Circuits 


unchanged or change to an opposite signal. In both cases, the @ and 
levels do not alter until the next clock pulse arrives. The next clock 
pulse (C = 1) causes the output levels to change (or not to change) ac- 
cording to the existing level J=D (since the level K is unambiguously 
determined by the level J). 

If at the moment of arrival of the (nm + 1)th clock pulse D = 1, 
then J = 1 too, and hence Q = 1 in accordance with the principle 
of the JK flip-flop (see Subsec. 10.6.4). If at the moment when the 





Fig. 10.22. D flip-flop 


(a) block diagram; (b) symbol; (c) waveforms 


(n + 1)th clock pulse occurs D = 0, thenJ =0, K = 1 and Q=0. 
From the above reasoning it follows that the logic formula for a D 
flip-flop has a simple form 


Q"+t — D" (40.28) 


The discussed version of a D flip-flop is known as a D latch. What. 
distinguishes this circuit is that a change in the D level at the time 
of the clock pulse changes the output levels. In a more complex ver- 
sion of the D flip-flop, the output levels are determined by that input 
level which exists at the beginning of the clock pulse (on its lead ng 
edge); a change in the D level at the time of the clock pulse does not 
affect output levels. 
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10.7. Memories 


In digital devices (primarily in computers) memory systems, or 
memories, hold a most important place. Memories can be external 
and internal. The storage media used so far in external memory are 
magnetic tape and magnetic disks or drums. Internal memory struc- 
turally forms an integral part of electronic units. Until recently, 
it employed ferrite cores and presently has converted to transistor 
bistable units as a storage medium. External magnetic memories can 
store information for an indefinitely long period of time and can prac- 
tically have an unlimited storage capacity in terms of bits. A bit is ab- 
bre viation for binary digit, which is a unit of information equal to 
two possible values or states 0 or 4 in the binary number system. 

Internal memories are mainly intended to store intermediate data 
in the process of handling arithmetic or logical problems and also 
store small standard programs necessary for a given digital device 
when solving typical problems. The former are known as random 
access memories (RAMs) and the latter as read-only memories (ROMs). 

Random access memories enable a fast alternate data input and out- 
put (writing and readout); they have any individual memory (sto- 
rage) cell equally accessible both for writing and readout. 

Unlike RAMS, ROMs are ically used for retrieval of stored 
information. Writing is made either “once and for all” or, in any case, 
very rarely. 


10.7.1. Random access memories. Any RAM comprises two parts, 
a storage and control units known as peripherals. The storage, used pri- 
marily for storing information in binary codes, is a basic and specific 
section of the RAM. The peripherals are devices for setting and re- 
trieving the data. They include decoders, amplifiers, registers, va- 
rious keys, commutators, and other general-purpose units. We shall 
not consider peripherals here and center our attention on the storage. 

The storage consists of memory celis (MCs) each holding one bit of 
information, as a binary 0 or 1. Naturally, it is bistable units that 
form the basis of a memory cell since they feature two stable states, 
Q=1 or Q=0. 

Figure 10.23 shows the typical matrix circuit of RAM where every 
individual cell is located in the nodes of a “network” formed by address 
lines or wires X and Y. The number of cells is equal to the product of 
the number of horizontal by the number of vertical lines (for example, 
4 X 4 = 16 cells). Each memory cell is connected to one horizontal 
and to one vertical address line. Hence, if voltages are applied to 
a definite pair of lines (to X, and Y, for example), then quite a defi- 
nite cell becomes connected to peripheral circuits (in the example 
considered, this is the MC,, shown as a hatched square in Fig. 10.23). 
A required bit of data (0 or 1) can be inserted into this cell (with 
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a unique address X,Y,) or retrieved from it (the cell MC,,. holds a 
binary 1). 

Both writing and readout are carried out using bit lines or wires 
BL, and BL, which are connected to all MCs. The subscripts at- 
tached to the symbols of bit lines are conventional to a certain extent: 
it is quite possible to apply voltage levels V° or V1 to either of the 
lines, the binary-1 line BL, or binary-0 line BL. Thus the index num- 
bers do not predetermine at all the logic level at any line but condi- 
tionally point to the fact that one of the lines (BL,) is connected to 
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Fig. 10.23. RAM with matrix interconnection 


flip-flop main outputs Q, while the other (BL,) to their counterparts 


Q. In writing, the readout outputs are disconnected and, after addre- 
ssing, one of the two possible codes (04 or 10) is applied to bit lines 
depending on what information (0 or 1) is to be stored in the se- 
lected MC (in Fig. 10.23, the digits in the squares stand for the levels 
at the cell main outputs). In readout, the data inputs are disconnec- 
ted and so ‘after addressing the levels stored in the selected memory 
cell are transferred via amplifiers to requisite peripheral units. 
There is a great variety of memory cells that make up the storage 
section of a RAM. Examples of such cells appear in Fig. 10.24. 
The cell using single-type p-MOS transistors (Fig. 10.24a) featu- 
res a classical RS flip-flop structure with control switches 75 and 76. 
These switches are normally reverse biased, and the cell is discon- 
1 At the inputs and outputs of bit lines, the triangles identify commutators 


oe connect these lines to (or disconnect them from) control devices (sec 
elow). 
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nected from bit lines. With a negative-going pulse —F, applied to 
the address line, 75 and 76 turn on and connect the cell to bit lines. 
As this takes place, the levels Q@ and Q written in the cell transfer to 
the bit lines. In the data writing mode, the address line also receives. 
a pulse —E,, but now the bit lines are given the required (mutually 
opposite) logic levels which drive the cell into a definite state. Thus 
in both modes of operation, a pulse in the address line plays the role 
of a clock pulse. 

Figure 10.24b shows a dynamic RAM cell, in which a bit of infor- 
mation is stored by means of capacitances C, and C, (these are gene- 
rally parasitic capacitances in MOS transistors). The techniques of 
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Fig. 10.24. RAM memory cells 


(a) static, using single-type MOS transistors; (b) dynamic, using single-type MOS transistors; 
(c) static, using multiemitter bipolar transistors 


writing and readout are the same as in the static cell. Assume the 
levels —E, and 0 are applied to lines BL, and BLo, respectively, to 
write information into the cell. The pulse of level —E, will move 
via the switch T4 to the gate of T/ causing it to turn on. The gate of 
T2 will receive a pulse of level 0, and the transistor will go off. The 
voltages across the capacitors will be equal to Vg, = —Ey, Va. = 0. 

If the residual current in the off transistor T2 is sufficiently small, 
C, will discharge rather slowly and, hence, the voltages —E, and 
0 will be retained for a long time at the cell outputs (at the drains). 
This time period is sufficient to refresh the data a few times (though 
during readout the capacitance is additionally shunted by read cir- 
cuits and its discharge is accellerated). In order to maintain the vol- 
tage across the capacitor despite its inevitable discharging, regene- 
ration is necessary, that is, restoration of information by periodical- 
ly writing the data of the same code. Dynamic cells are much more 
economical than static ones because they do not contain a supply 
source and thus do not draw power in the data storage period. 

On the whole, MOS cells are more economical and compact than 
bipolar counterparts, but inferior to the latter in speed. Therefore, 
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though MOS memories are more popular, bipolar memories hold an 
important place too. An example of the cell using multiemitter bipo- 
lar transistors is given in Fig. 10.24c. The principles of writing and 
readout here are the same as in the above described memory cell, 
excepting the positive polarity of logic levels and of an address pulso. 

Suppose in the data storage mode the transistor 72 is off and T/ 
in saturation, so that V,, = V* and Vz. ~ 0. If bit lines are at a 
small “guard” potential (0.1 or 0.2 V), the emitter junction £,, will 
be practically reverse biased and all the current will flow through 
£y,; in T2 both emitter junctions will be in the off condition. 

In the readout cycle (with the positive voltage E, applied to 
the address line), the emitter £,, turns off and the current of 7] 
goes into the line BL, via E,, which remains at a low potential; the 
line BL, remains dead. 

In writing, along with an address pulse, a voltage +£, is simul 
taneously applied to that bit line which is connected to a transistor 
subject to reverse biasing. In the given example, if it is the linw 
BL, that accepts the voltage +£,, the transistor 72 stays off and 
the cell will not change state. But if the voltage —£, is impressed 
on the line BZ,, both emitters of TZ will be reverse biased. The 
current then flows via the base of 72 into E,, which is at a low 
potential of the line BZ,. The transistor 72 now switches on, that 
is, the cell assumes the opposite state. 

The list of parameters for integrated RAMS includes the following 
basic quantities. 

Information capacity in terms of bits. This parameter characterizes 
the level of integration of elements on the chip. 

Power per bit. This is the total power consumed in the storagn 
mode, as referred to 1 bit. 

Minimum access time T,,. This is a minimum period from the 
beginning of one read cycle to the beginning of the next. The quan- 
tity that is the inverse of 7, is known as the access rate. In writing, 
both these parameters may be somewhat different. 

Relative cost per bit of information. This is the total chip cost 
divided by the information capacity. This parameter is a deciding 
‘one in comparative estimations. 

Table 10.2 lists the above parameters for several typical familivs 
of integrated RAMs. 

Comparing the given parameters permits us to make the following 
conclusions. 

MOS RAMs generally excel bipolar counterparts in information 
capacity. power per bit, and cost per bit, but are much inferior 
in speed. Among bipolar RAMs, I°L circuits hold a special place. 
‘They are next to MOS memories in storage capacity and power per 
bit. Among the latter, CMOS circuits exhibit a minimum specific 
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Table 10.2 
Basic Parameters for Integrated RAMS 
_——___——__—_——— 


MOS transistor Bipolar transistor 
Parameter 





static dynamic CMOS TTL ECL | I2L 


basicly: bits/Ic 1 024-4 096}(4-6€4) 103 |1 024-4 096/1 024-4 096]1 024-4 096] (4-16) 103 


Power per bit, 
mw/bit 











0.5-1 0.02-0.1]0.001-0.01} 0.3-0.8 0.5-2 0.05 
jaccess time, ns 100-500 | 100-1000; 50-500 10-20 5-10 200 
Cost per bit, relative 


| units 5-410 1-2 10-50 20-50 50-100 10 


power, and dynamic MOS RAMs a minimum cost per bit. Of bipolar 
memory types, ECL memories have the highest speed. 


10.7.2. Read-only memories (ROMs). As mentioned earlier, in 
this type of memory the writing of information is made either “once 
and for all” or represents a special, rarely performed operation. 
So, this storage arrangement is primarily employed for information- 
retrieval applications. 

The typical diagram of a diode ROM shown in Fig. 10.25 is of 
the matrix type where address lines form the rows and bit lines 





Address decoder 


Fig. 10.25. Diode-type ROM 


the columns. Every address line stores a definite code: 0011, 0100, 
etc., as shown in the figure. Code writing is performed with the 
aid of diodes connected between address lines and between those 
bit lines which must store logic 1 in readout. 

Let the address decoder have selected an address line AL, (the 
plus sign in Fig. 10.25). The voltage in this line is then fed to bit 
line BL,; the voltage at BL,, BL,, and BL, will be zero. Hence, 
in parallel reading of information from all the four bit lines we 
obtain the code (word) 0100 written in the chosen row. 
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In designing integrated matrices of ROMs it is inexpedient to 
position diodes just in the nodes where they implement the desired 
codes. The range of matrices with various versions of code sets is 
too large, while the run of each version is too small, unjustifiablo 
from the viewpoint of economy. For this reason, diodes are disposed 
at all nodes of the matrix, and in such a homogeneous form the 
matrix is delivered to the customer. The customer himself writes 
the desired codes into the ROM. For this (using special facilities), 
he burns out the output leads (bridges) of those diodes which aro 
located at the sites of logic 0. The diodes with burnt leads are shown 


AL BL 


+0, 
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Fig. 10.26. Transistor-type ROM memory cells using a bipolar transistor (a) 
and MOS transistor (b) 


in Fig. 10.25 by dash lines. The leads are burned individually hy 
passing through the appropriate diodes a heavy current that exceeds 
the normal current rating. To prevent the portions of address and 
bit lines adjacent to diode leads from burning, the diode leads are 
made higher-resistant and easier-melting than the lines. 

Though they are simple in structure, ROMs suffer from a disad 
vantage that the desired current in bit lines must be provided hy 
a decoder which transfers this current via an address line. To facili 
tate the decoder work, diodes are replaced by amplifying devices, 
transistors. Two typical examples of memory cells are given in 
Fig. 10.26. In using bipolar transistors (Fig. 10.26a), an address 
line carries the base current which is 1/(B + 1) as large as the 
emitter current feeding a bit line. Consequently the power demand 
for a decoder decreases by a few orders of magnitude. MOSTs 
(Fig. 10.266) enable a still lower power demand since the gate cireul! 
does not draw current at all. The use of MOSTs offers additional 
possibilities for efficient application of ROMs. 

First, the data can be inserted with the use of a “subtler” approach, 
rather than resorting to lead burning. The customer receives tlm 
homogeneous ROM matrix (with MOSTs in all nodes) as a semifi 
nished product, without gate metallizations. He performs the last 
photolithographic operation using such a photomask that provides 
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for metal gates only on those transistors which must transfer a 1 
to the bit line. The remaining transistors will have no gates and 
so will be idle. 

Second, the use of MOS transistors allows evolving semipermanent 
or programmable read-only memories (PROMs), in which it is pos- 
sible to refresh the stored information from time to time. Such 
a possibility is very useful for the customer despite the fact that 
its realization involves certain manufacturing difficulties. The 
general principle that underlies the PROM comes to ensuring a 
reversible change in the MOST threshold voltage. Thus, if the condi- 
tion achieved is such that |V ) |= Vaz (see Fig. 10.266), the 
address pulses will fail to drive a transistor on; the transistor will 
stay inactive as if it were absent. At the same time, other transistors 
in which | Vo |< Vax will function normally. 

Two methods are presently available for contro] of the threshold 
voltage. Both depend on the introduction of additional charges 
into the dielectric. The first uses MNOS transistors described in 
Subsec. 7.8.4. The charge build-up and removal are effected by 
short high-voltage pulses of opposite polarity fed to the gate (see 
Fig. 7.33b). The second method, applied to memory cells using 
“conventional” MOS transistors with a single-layer dielectric, 
consists in the following. A sufficiently high voltage impressed 
on the gate initiates an avalanche breakdown in the dielectric, 
which thus stores up electrons. The threshold voltage changes 
accordingly. The electron charge remains unchanged for a rather 
long time as it does in MNOS transistors. The charge can periodically 
be restored (regenerated) if need be. To rewrite the information 
requires expelling the electrons from the dielectric. For this, the 
chip is illuminated with ultraviolet light which causes a photo- 
electric effect (knockout of electrons from the dielectric). 
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The tendency toward a higher scale of integration was evident from 
the very first days of microelectronics. Initially, every package 
was used only for one IC logic element. A later approach was to use 
a multipin package for the assembly of a few such elements. This 
reduced the total number of packages in apparatus but did not lead 
to any new stage of development. The breakthrough came with 
adoption of the metallization technique for interconnecting 
simple ICs disposed on a single chip into complex functional blocks. 
In that period, medium-scale integration (MSI) evolved first and 
then large-scale integration (LSI) began to appear. It may be said 
that integration of simple ICs lies at the basis of LSI. 
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10.8.1. General characteristic of LSI. Logic gates of the RTL, 
TTL, and other types are a classical example of simple, or small- 
scale integration (SSI). JK flip-flops consisting of 8 to 10 logic 
gates occupy an intermediate position between SSI and MSI cir- 
cuits. MSI refers to small subsystems such as adders, counters, 
RAMs and ROMs ranging in size from 256 to 1 024 bits; LSI refers 
to complete logic systems such as memories with 4 kbits and over, 
arithmetic-logic and control units of computers, and digital filters. 
The highest scale of integration is inherent in homogeneous struc- 
tures—memories—which show a packing density of around 100 000 
elements on a single chip. These ICs represent very large scale integra- 
tion (VLSI). 

LSI circuits give a sharp improvement in all basic parameters 
in comparison with analogous functional systems composed of 
individual ICs. Indeed, the integration of circuits on a single chip 
allows a reduction in the number of enclosures, assembly and packag- 
ing operations, and external connections (which are the least reliab- 
le). These factors naturally aid in decreasing the size, mass, and 
cost of ICs and in improving reliability. Additional advantages of 
the larger-scale integration include: a smaller number of bonding 
pads, and hence greater space saving; reduced length of connections, 
and thus a higher speed of response and improved noise immunity!; 
and lower spread in parameters because all ICs are disposed on one 
chip and produced in a single manufacturing process. 

A higher scale of integration can be achieved in two ways: by 
increasing the packing density (that is, decreasing the area of elements 
and also the interconnection pattern area) and by increasing chip 
sizes. Both of the approaches call for solving a number of complex 
technological problems. First of all, it is necessary to increase litho- 
graphic resolution, stabilize fabrication procedures, secure adequate 
hygiene of work, and reduce the density of silicon surface defects. 
Some problems involving the design and technology control of LSI 
circuits are discussed in the next subsection. 

Note that transition from simple ICs to a large IC does not 
come merely to implementing the requisite pattern of interconnec- 
tions, leaving the individual structure of each simple IC intact. 
A typical feature of modern LSI circuits is the so-called physical 
or functional integration. This feature implies that one and the 
same structural region of an IC must perform a few functions. I*L cir- 
cuits may be taken as an illustrative example (see Fig. 10.10). In these 
circuits, the epi-m layer acts as a base for the pnp transistor anid 
at the same time functions as an emitter of the npn transistor and 


1 With convertion from SSI to LSI, the average leng th of interconnections 
on the printed circuit board decreases from 100 to 4 cm, and an average delay 
in interconnections (at a signal velocity of 101° cm/s) diminishes from 10 to. 

1 ns. 
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the base of the npn transistor is at same time the collector of the: 
pnp transistor. Functional integration enables a substantial increase: 
in the packing density because it obviates the need for many isolat-: 
ing islands and interconnections. 

Conversion to LSI has raised the number of microcircuitry problems. 
which are in no way less severe than manufacturing ones. Moreover, 
both categories of problems are intricately interwoven: the questions 
“how to do” and “what is to be done” that arise in evolving LSI designs 
must be treated as an integral problem. 

One of the first-priority problems facing the LSI development 
engineer is the problem of securing the technically and economically 
warranted complexity of an LSI circuit. It is necessary to combine- 
sufficient complexity (to achieve the best advantages offered by 
large-scale integration) with sufficient versatility (to ensure the 
economically justifiable production run). Experience shows that 
such a compromise is possible to achieve by implementing elements 
redundancy and multifunctionality. 

Really, if the number of [Cs on the chip is more than necessary 
to perform a definite function, then the same set of ICs can be used 
to realize any LSI configuration of whatever functional complexity 
by merely varying interconnection patterns. Redundancy also 
permits varying the functions of the same LSI circuit by changing 
electrically interconnections of the ICs incorporated into it; this. 
changing is accomplished in accordance with individual programs. 
This approach is typical of modern LSI circuits; it is referred 
to as a way that makes it possible to replace software by system 
means, that is, to carry out programming directly with the aid of 
an LSI circuit. It is exactly this principle that underlies the 
structure of LSI microprocessors; these devices together with LSI 
memories form the basis-of modern digital engineering. 

The ROM shown in Fig. 10.25 gives a good example of multi- 
functional operation. Assume that for the selection of address lines: 
AL, ... AL, it is necessary to apply respective binary codes 0000,. 
0001, 0010, 0011 (that it, numbers 0, 1, 2, 3) to the decoder input. 
Also, assume that the respective matrix rows contain information 
as binary codes shown in Fig. 10.25 (that is, numbers 3, 4, 7, 12). 
So applying, for example, a digit 2 level to the input gives a digit 7 
at the output, etc. It is easy to see that the ROM implements the. 
function y = x? + 3. Writing other sets of numbers along the rows 
allows performing another function. 


10.8.2. Problems of raising the scale of integration. Experience 
gained in LSI development has revealed that there is a number of 
problems which impose limitations on the packing density and need! 
to be solved one way or another to speed up the progress in micro- 
electronics. 
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Heat removal problem. With given sizes of elements, a larger 
scale of integration can be achieved by increasing the packing 
density, that is, by bringing the elements on the chip closer togethor, 
But a higher packing density inevitably results in a greater power 
dissipated per unit area. In modern structures of silicon ICs, the 
permissible specific power for a chip does not exceed 5 W/cm’. 

This means that the permissible power for a chip 4 mm? in aren 
is not over 200 mW. With an average power of 5 mW per IC logie 
element, the given chip can accommodate not more than 40 logit 
elements. 

A natural way of overcoming this limitation is to use transistors 
and circuits adapted for work in the microampere region. For examp 
le, in order for 1 000 gates to be disposed on the same area of 4 mm’, 

they should have a dissipatl. 

Yield on power of not over 0.2 mW. 

These are I?L and CMOS gn 
tes (see Table 10.1). 

It may certainly happen 
that, whatever the type ol 
logic element employed, «a 
given chip area cannot allow 
for the desired scale of intey. 
ration. Then, one has to resort 
to the chips of a larger aren. 

5 10 15 20 25 30 5,mm? In principle, this approach 

Fig. 10.27. Limitations on the chip offers considerable sed but 

area is not free of limitations 

1—1974; 2—1978 either. 

The causes of limitations are 

dislocations inevitably present 

on the surface of asemiconductor (see Sec. 2.2). Any dislocation within 

the active area makes a transistor or an IC unsuitable for use and 

so the entire LSI circuit may become defective. That is why an 

increase in chip sizes entails a higher percentage of rejected clr 
cuits and thus a lower yield of LSI chips (Fig. 10.27). 

Technological advances enable a considerable decrease both In 
dislocation density and in element sizes. Either of these factors 
contribute to a higher yield in the given range of chip sizes. Hown 
ver, the chip area is limited at each manufacturing stage hy an 
economically justifiable yield. Thus, if a 5% yield is acceptable, 
then, as follows from the curves 2 of Fig. 10.27, S < 22 mm? fu 
bipolar LSI chips and S<33 mm? for MOS LSI chips. The permissible 
power ‘dissipation for chips of these sizes lies between 1 and 1.5 W 

An attempt is sometimes made to cool LSI chips or their suh 
strates artificially. But this approach is not versatile enough and 
far from economical. 





10.8. Large Scale Integration 417 


Metallization problem. The internal structure of LSI circuits is 
so intricate that the designer is unable to work out the element 
layout for a reasonably accepted time and also develop the optical 
metallization pattern that would feature a minimum total length 
of interconnections and, besides, have no crossovers. For this 
he must compare thousands of versions and prototypes. The task 
can only be handled with the aid of a computer processing the data 
according to a specially developed program. 

Experience shows that in most LSI circuits it is impossible to 
produce interconnections in one plane without crossovers. For this 
reason, LSI designs employ multilevel metallization, commonly in 
two or three planes. Isolation of the layers from each other and 
required connections between the metallizations at various layers 
present a specific problem involved in the fabrication of LSI circuits. 

Both problems mentioned above—programmable computer-aided 
interconnection layout design and multilevel metallization techno- 
logy—can presently be regarded as solved problems. One more impor- 
tant problem still awaits its complete solution. It can be formulated 
as an alternative: whether metallization should be conducted before 
or after a check of LSI circuits for serviceability. Consequently, 
in use so far are two methods of carrying out metallization. 

Method of fixed metallization. In this method, metallization is 
conducted before LSI circuit checking with the aid of one photo- 
mask providing a definite interconnection pattern. If the circuit 
has any defects, these can only be detected in the subsequent check, 
and so a substantial share of all the metallizations may turn out 
to be made in vain. 

Method of selective metallization. This method uses the so-called 
base chip containing more simple ICs than necessary for implement- 
ing the desired functions. For example, if nine ICs are needed to 
perform a certain function, the base chip will have 12 or 16 ICs. 
Before metallization, all the ICs incorporated into the LSI circuit 
are checked and then the control chart for defects is drawn. A set of 
photomasks is usually available to execute a few variants of metal- 
lization depending on*which of the ICs are good. Choosing the 
right photomask with the aid of the control chart and “passing” 
by the faulty ICs during metallization make it possible to fabricate 
quite an adequate LSI circuit. 

The base chip method ensures a substantially higher yield. But 
it involves additional expenses for the complete control of ICs 
and for designing of the photomask set. Besides, in order to carry 
out the check on every IC, its terminals must be made complete 
with bonding pads which occupy a rather large area. 

Problem of performance control. An electrical check on the para- 
meters of an LSI circuit before its packaging is carried out with 
measuring probes pressed against the bonding pads expected to be 
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external terminals. Probes are thin metal wires with a point 5 
to 10 pm in diameter. A few probes make up a probe head, a kind 
of wire “brush” in which each probe is in contact with a correspond- 
ing bonding pad measuring 100 to 100 um. The number of external 
terminals in LSI circuits is much larger than that in simple ICs 
because the former have to perform functions of a greater complexity. 
This number can be as large as 32 to 64 and over. As an illustration, 
assume that a circuit has 50 terminals and consider that two values 
(0 or 1) are possible at each output. Then, the complete checkout 
of the LSI circuit for functionality (under static conditions only) 
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Fig. 10.28. Limitations on the minimum sizes of IC elements 
(a) impurity distribution fluctuations; (b) manufacturing tolerances; (c) field strength growth 


would require 25° ~ 10'5 measurements. If it takes 1 ps to make 
one measurement, the entire control procedure for one LSI circuit. 
will take about 25 years. 

Consequently, apart from control awtomatization, there is also 
the need to simplify quality control procedures. Measurements 
should be selective of necessity; the number of measurements mado 
to attest to the serviceability of an LSI circuit (to a definite proba- 
bility) commonly ranges from 200 to 300. 

The choice of the parameters to be checked, the sequence and 
rules (algorithms) of testing, and also the development of requisite 
measuring devices and computer-aided quality control programs 
often present a problem which is no less complex than the design 
of an LSI circuit itself. 

Physical limitations on element sizes. In modern LSI circuits, the 
sizes of active regions come to 2-5 wm, and there is a tendency 
toward further scaling down. The process of scaling down in ele- 
ment size, however, is not free from some principal limitations. 
Fig. 10.28 illustrates them in simplified form. 

First, with a decrease in area, a nonuniform (statistic) impurity 
distribution in the semiconductor begins to make itself felt. Let tho 
squares in Fig. 10.28a represent the configuration of an emitter 
layer. With a large area (square J), the numbers of impurity atoms 
in two identical squares will practically be the same. With a small 
area (squares 2 and 3), the numbers of atoms may vary noticeably 
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(three and four atoms in Fig. 10.28a). Correspondingly, the impurity 
concentrations in emitters and hence the injection efficiencies will 
be different too [see Eq. (4.22)]. Analysis shows that this factor 
becomes substantial with a square side of less than 1 pm. 

Second, with a reduction in linear dimensions, the role of manu- 
facturing tolerances becomes more important (Fig. 10.28). Thus, 
if the photolithography error is +0.2 um, then, taking the linear 
dimensions to be 5 pm (a large square), the areas of elements will 
differ insignificantly (by 20%), but with the dimensions being 1 um 
(a small square), the areas will differ by a factor of 2.3. 

Third, with a decrease in linear dimensions, the electric field 
strength in semiconductor layers rises (Fig. 10.28c). At the same 
voltage V = 0.2 V, the field strength in a layer 5 pm thick is com- 
paratively low (400 V/cm), but grows to 10* V/cm in a layer 0.2 pm 
thick and thus exceeds the critical field strength (see p. 48). The semi- 
conductor layer then exhibits nonlinear properties. 

It may also be shown that at linear dimensions below 1 or 2 pm, 
such factors as noise fluctuations, cosmic radiations, and the earth’s 
radioactive background begin to play a definite role. 

Considering that conventional photolithography offers resolu- 
tions only within 0.7-1 um, the region below 1 um in size may be 
said to be a critical one as regards all the physical and technolo- 
gical aspects involved. We thus have ground to consider “submicro- 
ne microelectronics” as an independent scientific and engineering 
field. 

10.8.3. Hybrid LSI. This type of LSI is not an alternative of semi- 
conductor LSI. Rather, it may be regarded as an adequate design 
evolved in developing modern microelectronic apparatus. 

The basic difference between simple hybrid ICs and hybrid LSI 
circuits consists in that the former use simple uncased transistor 
and diode chips as active components, while the latter use uncased 
IC and LSI chips. Therefore, hybrid LSI circuits can realize more 
complex functions than semiconductor LSI circuits. Like semicon- 
ductor LSI circuits, large hybrids often employ multilayer metal- 
lization. 

As noted in Sec. 7.11, the tendency today is to abandon the use 
of film components, primarily capacitors, in the ICs. In large 
hybrid ICs, this tendency is still more noticeable. Hybrid LSI 
circuits most often contain only metallizations and active compo- 
nents in the form of ICs and LSI circuits. So, the notion of a 
large HIC (which presupposes the presence of film passive elements) 
often reduces to the notion of a thin-film or thick-film commutating 
board whose main function is to unite a number of ICs and LSI 
circuits into a single functional block known as a microassembly. 

A commutating board is a microelectronic analog of a printed 
circuit board which up to now has been a basic constructional unit 


27* 


420 Ch. 10. Integrated Circuits 


of radioelectronic devices. As regards a microassembly, its qualita- 
tive distinction from the units mounted on printed circuit boards 
consists in that it represents a complete electronic device (a super- 
component of electronic circuits) furnished with its own packago 
and characterized by definite specifications. The funetional comp- 
lexity of such an electronic device is much greater than that of LS] 
and even VLSI circuits. Microassemblies used as “supercomponents” 
can be mounted on a printed circuit board to make up supercomplex 
blocks of an apparatus and often the entire setup. 
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The charge-coupled device (CCD) is an array of interacting MOS struc- 
tures. Interaction is due to the common semiconductor layer and 
small spacings between the MOS structures (Fig. 10.29). 

A CCD operates on the principle of building up a local spaco 
charge of minority carriers—charge packet—in some MOS elements 
and transferring it along the surface from one MOS structure to the 

other by duly varying voltages 





iS 
Din Pe yous & on metal gates. 
sio,4! gues = Because the common semicon- 
AIT | ductor ‘layer is essential to its 


Vi operation, the CCD may formal- 

ly be regarded as a specific semi- 

conductor device which, like a tra- 

nsistor, cannot be built from (or 

Fig. 10.29. CCD structure even modeled with) discrete com- 

ponents. But since it consists of 

a great number of technologically combined MOS structures spaced 

at rather small intervals, the CCD may be thought of as a typical 

microelectronic device, that is, an integrated circuit. Moreover, tho 

CCD is an example of the large-scale integrated circuit because it 
can comprise a few thousand MOS structures. 


10.9.1. Basic processes. By analogy with MOS transistors, metal 
electrodes in the CCD are called gates. The operating voltages on 
CCD gates are higher than the threshold voltage. As a result, thoy 
produce comparatively deep depletion layers in the semiconductor 
under the gates. The formation of thin inversion layers near tho 
semiconductor surface (see Fig. 2.22c) is undesirable here. The expla- 
nation will be given below. 





1 CCDs most commonly use n-silicon, and so the voltages are of negative 
polarity. By saying “lower” or “higher”, we imply that the voltages are lower 
or higher in magnitude. 
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As known, the depth of a depletion layer is directly dependent 
on the gate voltage [see Eq. (2.53)]. Because the intervals between 
MOS elements are small, the depletion layers of all elements merge 
and form a single depletion layer whose “bottom” has a definite 
relief corresponding to the distribution of voltages on the gates 
(Fig. 10.30). Thus, if the voltage —V, on all the gates is the same, 
the depletion layer along the en- 
tire surface has the same depth 
(Fig. 10.30a). If the negative volta- 
ge on acertain gate is higher than 
that on the two adjacent gates, 
a “pit” forms under that ;gate 
(Fig. 10.30b and c). The geomet- 
ric relief of depletion layers is in 
agreement with the potential [reli- 
ef: in the region of “pits” of the 
depletion layer there exists a mi- 
nimum of potential, known as a 
potential well. 

Assume the voltages —V, on the 
gates G, and G, (see Fig. 10.306) 
are the same and the voltage —V, 
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impede the transfer of positive [ 
charges—holes—from under this [ Hole Flow 
gate. So, a hole charge packet pro- Y 4 
duced under the gate G, in one Yj 
way or another will be retained in Y po Gy 
this region for a long time. Indeed, ; 
the holes cannot leave this regi- @ 
on because the retarding fields are Fig. 10.30. Structure of the deple- 
present at its boundaries, and_ tion layer and electric field in a 
the region, now depleted, hardly CCD_ 
contains electrons with which the  {¢) ulesrent_ mode, (b) storage mode; 
holes could recombine. Then, the 
CCD is said to operate in the storage mode at the storage voltage V>. 
The total positive charge under the gate is determined by the 
gate voltage (V, in the given case). Therefore, the appearance of 
a hole packet is attended by a local decrease in the charge of “uncovered” 
donors in the depletion layer and by a local decrease in the depth of this 
layer. In Fig. 10.300, the relief of the depletion layer in the absence 
of holes is shown by a dash line. It is obvious that the charge of 
a hole packet reaches its maximum when the depletion layer relief 
levels off; the retarding fields at the boundaries between the gates 
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then disappear and the hole packet spreads along the entire surface. 
The maximum permissible charge of a hole packet is given by 


Qmax = (V2 — Vj) Co (ZL) (10.29) 


where C, is the capacitance per unit area of the insulator [sev 
Eq. (5.1)], Z is the gate width, and LZ is the gate length (seo 
Fig. 10.29). 

We have mentioned earlier that the formation of hole inversion 
layers under the gates is undesirable. Indeed, during the storage 
of a hole packet under the gate, additional holes appear as a result 
of thermal generation of carriers. The packet charge then grows ani 
becomes comparable to the hole charge under the adjacent gates 
where thermal generation also takes place. Finally, the chargos 
under all gates level off and the notion of a charge packet that under- 
lies CCD operation becomes meaningless. Consequently, the storage 
time has an upper limit. This limit depends on the change in tho 
charge of a hole packet allowable during storage. If the permissiblo 
variation is 1%, then the storage time does not usually exceed 10) 
to 20 ms. 

Thus, the CCD operation relies on the nonequilibrium conditions 
of MOS elements, and the device itself is of the dynamic type. 

Consider now the process of transfer of a charge packet from gato 
to gate. Set —V, on G, be made more negative than —V, on G, 
(see Fig. 10.30c). An accelerating field will then build up at tho 
boundary between G, and G;. This field will aid in transferring 
holes to Gs. So, the hole packet stored under G, will move toward G, 
and remain under the latter because at the boundary of the next 
gate G, a retarding field impedes its further motion. 

The CCD is said to operate in the transfer (write) mode when 
the charge packet moves from under one gate to the other. The 
voltage V; is called the transfer voltage. 

The full transfer of the charge toward the adjacent gate does not 
take place because of charge loss. This charge loss is due to two causes. 
First, the process of charge flow from gate to gate is asymptotic in 
character, and so not all the charge is able to move to the adjacent 
gate in one transfer step. Second, a fraction of carriers stored under 
the preceding gate drop into surface traps and have no time to escapw 
them during transfer. In order for the charge losses to be at a mini- 
mum, it is necessary that the charge transfer (write) time should ho 
sufficiently long. It commonly reaches 50 ns. 

It will be readily perceived that, other things being the same, tho 
transfer time decreases with a decrease in the spacing between 
gates and with an increase in the carrier mobility and transfer volt- 
age. 
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10.9.2. CCD parameters. To ensure the storage and transfer of 
charge packets it is necessary to change voltages on the gates in 
strict sequence. 

Figure 10.31 shows a typical three-phase control circuit of the CCD 
and also one of the methods for insertion and extraction of the none- 
quilibrium hole charge with the aid of pn junctions. The voltages 
of phases A, B, and C are applied in sequence to each third gate 
of the device (Fig. 10.31a) and shifted in time by 1/3 period 
(Fig. 10.316). The voltage V, is commonly a constant bias applied 
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to all gates, and V, and V; are voltages resulting from superimposition 
of additional pulses on this bias (the pulse waveforms are shown by 
dots on curve Vg in the interval t, ... tg). 

Assume that the gate voltages in the interval ¢, are such as shown 
in Fig. 10.31b. Also, assume that at the start of this interval holes 
have been injected through the input ptm junction under the first 
gate (for this, it is necessary to apply a forward voltage pulse). The 
injected holes will be kept under the first gate because its voltage 
is more negative than that of the second. 

In the interval t., a transfer voltage V, is applied to line 
B. As this takes place, the holes move from the first to the 
second gate. In the interval t,, the voltage on line B decreases to V, 
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corresponding to the storage mode. Simultaneously, the voltage on 
line A drops from V, to V,. This prevents the holes from coming 
back under the 1st gate. In the interval t,, when V; is applied to 
line C, the charge is shifted from under the 2nd to the 3rd gate. The 
process goes on further in a similar way. 

In the interval ¢,., the voltage V; is passed to the 7th (last) gate. 
Since the output p*n junction is reverse biased, the holes travelling 
from the 6th to the 7th gate are instantly drawn by the junction 
field to give a current pulse to the output circuit. The transfer of 
the charge injected in the interval ¢, is now completed. It is certainly 
possible to inject new hole packets through the input p*n junction 
during transfer of the charge. 

The typical values of storage and transfer voltages (V. and V,) 
range from 10 to 15 V and from 20 to 25 V respectively. The bias 
voltage V, is near the threshold voltage of MOS elements (2 to 4 V). 

From Fig. 10.315 it is seen that the period 7 of each phase 
is the sum of three transfer intervals ¢;, and three storage intervals 
t,, (all shown hatched in the figure for clarity). Thus, 


T =3 (ter + tet) (10.30) 


Knowing the number WN of MOS elements, it is not difficult to deter- 
mine the overall delay tg as the pulse goes from input to output. 
Since the delay between the two adjacent elements is 1/3 7, then, 
multiplying this value by N — 1, we obtain 


tg = 1/3 (N —1) T = 1/3 (N — 1)/f (10.31) 


where f = 1/T. 
In practice, ¢;, and ¢,, are generally not equal. The relation bet- 
ween them is different depending on the purpose a CCD has to serve. 
The frequency is a maximum if t,; < é4,;: 


fmax = 1/(3t¢,) (10.32) 


The transfer time must be long enough to transport the charge from 
element to element as fully as possible. The causes of incomplete 
transfer were explained above. 

The qualitative characteristic of charge transfer is the transfer 


efficiency 
yn =1-— AQ/Q=1—-— Ee (10.33) 


where Q is the charge packet transferred, AQ is the net charge lost 
from the packet in a transfer cycle, and « is the loss factor (transfer 
inefficiency). If y is equal to 1 — e, for a spacing between two adja- 
cent elements, then for the array of N elements constituting the 
CCD the transfer efficiency is near 1 — Ne. 

So the permissible number of elements depends on the loss fac- 
tor €,. The latter in turn heavily depends on the spacing between 
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elements and on the duration of a transfer pulse. At a spacing of 2 or 
3 wm and £;, of 20 to 50 ns, the loss factor e, is2 x 10-*to5 x 10-4, 
which permits using a few hundred elements. 

One of the ways of reducing the loss factor is to neutralize the 
effect of traps (see above), in particular, by injecting a background 
charge into the CCD to fill the traps and prevent the holes of the 
working charge packet from falling into them. The use of a 
background charge decreases the loss factor by about one order of 
magnitude. 

A maximum frequency fmax = 6 to 15 MHz corresponds to t;, = 
= 20 to 50 ns. At a maximum working frequency (when t,; < ¢:;), 
the storage period is in essence nonexistent: the charge is uninterruptedly 
transferred from one MOS element to the other. 

A minimum frequency corresponds to the reverse condition 


ts¢ >> Cer: 
es fran = 1/(Bt52) (10.34) 


We have mentioned earlier that the storage time has an upper limit: 
it must be so small that during transfer of charge Q through the 
entire CCD for the time (N — 1) ¢,, the stored parasitic charge can- 
not exceed fractions of Q. Thus, if Qp4, =0.2Q and N = 200, 
then the parasitic charge during its storage in the potential well 
must not be in excess of 0.1% of the useful charge. Commonly, 
ts; <1 to 10 ms and, correspondingly, fmin > 30 to 300 Hz. 

A CCD shows an advantage in that it draws little power. Indeed, 
the CCD does not practically consume power in the storage mode. 
Currents flow through the gates only when the charge transfer 
takes place. So the maximum power consumed during transfer 
of one charge packet, taking into account Eqs. (10.29) and (10.32), 
will take the form 


Prygx = Coe U2—V) we (Vyp—Vo)®ZLCofmax (10.35) 
For typical values of V,; — V, = 10 V, Z = 20 pm, Z = 10 um, 
Cy = 200 pF/mm?, and fmax = 10 MHz, we get Pmax = 4 wW/bit. 


10.9.3. Applications and types. The delay of an input pulse for an 
exactly specified time ¢, is one of the important functions of a CCD. 

A second function is related to a possibility of a comparatively 
long storage of information. For this it is enough to interrupt the 
sequence of control (clock) pulses after the packets of injected holes 
have filled the corresponding MOS wells. During readout, clock pul- 
ses are again fed to the CCD and the written information is trans- 
ferred in steps to the output. Unlike the address matrix system of 
Fig. 10.23, the CCD of this type does not allow for random access. 
All the same, it holds an appropriate place in digital engineering: 
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the capacity of such a CCD is rather large, 8 to 16 kbits and more. 
To ensure prolonged storage, periodical regeneration of written inform- 
ation is necessary. The procedure is the same as for other dynamic 
memories (see Fig. 10.24b). 

A unique feature of the CCD is that the hole charge can be intro- 
duced not only with the aid of a pn junction but also by locally 
illuminating the surface. As a result, a charge proportional to the 
illumination intensity builds up under the corresponding gate. The 
light causes generation of electron-hole pairs. The gate field repels 


Fig. 10.32. Two-phase CCD 





electrons, thereby enabling accumulation of holes in the potential 
well. If the intensity of illumination is different in various portions, 
then a combination of charges under the gates will characterize an 
image projected on the CCD. Applying a control three-phase voltage 
to the CCD gives a train of pulses at the output, the amplitudes of 
which are proportional to the illumination intensity in various 
regions (the principle that finds wide use in television). The three- 
phase control method (Fig. 10.31) is a historically first and, to a 
certain extent, classical one. But it suffers from the following disad- 
vantages: 

1. Three adjacent MOS elements (Fig. 10.31@) are needed to store 
one hole packet, which makes impossible a more efficient use of tho 
area. 

2. The metal plates of each phase must be arranged in their own 
plane to exclude crossovers, and so three-layer metallization is neces- 
sary. 

3. Close mutual arrangement of the elements (2 or 3 pm) is frought 
with “shortings”, that is, rejection of the device. A further decreaso 
of spacings (to raise the scale of integration) is so far impracticable. 

The structure of a CCD shown in Fig. 10.32 is more perfect. First, 
it is a two-phase CCD, so the device needs only two MOS elements 
to solve and transfer one hole packet, thereby permitting the uso 
of two layers of metallization. Second, it has no spacings between 
elements. In this structure, each MOS element contains two inter- 
connected gates, one being a “buried” silicon gate (see Fig. 7.31) 
and the other a conventional aluminum gate located on the oxido 
layer surface. Since silicon gates lie closer to the semiconductor 
than aluminum ones, the depletion layer depth proves different within 
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the confines of one element. This difference in depth remains in the 
transfer mode too (see the dash line in Fig. 10.32). That is why the 
transferred charge cannot come back despite the two-phase supply. 
This structure is attractive in that it allows for a greater density 
of elements and higher degree of their integration, and also features 
an increased speed (fmax = 20 to 50 MHz). 

The structure of a CCD with a buried channel shown in Fig. 10.33a@ 
ensures a still higher speed. The n substrate has an epi-p layer grown 
to a thickness of a few micrometers. The potential distribution, 





Fig. 10.33. Buried-channel CCD 


with the gates reverse biased and at V, = 0, is shown in Fig. 10.330 
by dash lines. A sufficiently high negative voltage —V, applied 
to the p layer will maintain a reverse bias on the pn junction, close 
in value to V,, and so the potential distribution will be such as shown 
in Fig. 10.336 by solid lines. As seen, the potential minimum has 
shifted from the boundary of the dielectric into the p layer bulk. 
It is exactly the region which the holes will now occupy. 

So in the buried-channel CCD, the charge packets are isolated from 
the surface and located in the semiconductor bulk. Hence, the carrier 
mobility is increased and the effect of traps near the surface elimi- 
nated. Both of these factors aid in increasing the speed and decreasing 
the loss factor. The maximum working frequency for the buried- 
channel CCD reaches 500 to 800 MHz and the loss factor is 10-6 
to 10-7. This type of CCD may include a few thousand MOS ele- 
ments. But since the potential well in this structure lies away from 
the surface, the device requires higher operating voltages and shows 
a lower maximum charge in the packet than the CCD with a surface 
channel. 


10.10. Operational Amplifiers 


In comparison to digital devices, analog counterparts feature a great- 
er diversity as regards the kind of signals handled, functions perform- 
ed, and also the purposes served and types of internal structure. 
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Therefore, unification of the building blocks in the field of analog 
devices is possible only proceeding from multifunctional units. 

At present, it is customary to regard amplification, comparison, 
limiting, multiplication, and signal frequency filtering as main 
analog functions. Each of these functions is generally performed by 
analog ICs of a particular class. But all these specialized ICs prin- 
cipally come from the basic, most versatile and multifunctional 
unit called an operational amplifier (op amp) with which we shal} 
deal in this section. 


10.10.1. General characteristic. The operational amplifier is ge- 
nerally a de amplifier with a differential input and single ended 
output, the most important characteristics of which are a very high 
gain, a high input and a low input resi- 
stance. The explanation of the notions 
“high” and “low” will follow later in the 
text. The standard op amp schematic sym- 
bol is illustrated in Fig. 10.34. 

A signal must not necessarily be diffe- 
rential; it may be applied to one of the 
op amp inputs with the second input gro- 
unded. One of the inputs is called inverting 
and the other noninverting, depending on 
the polarity of signals at the output and 
Fig. 10.34. Standard op input (see Fig. 10.34). As in logic gates 
amp schematic symbol (see Fig. 10.1), the inverting input is rep- 

resented by a circle. In practice, it is most. 
common to apply a large amount of feedback to an op amp. It is in 
combination with feedback paths that the op amp is capable of 
executing a variety of operations, hence the name operational am- 
plifier. A typical op amp circuit with resistive negative feedback ap- 
pears in Fig. 10.35, where the resistance R, includes a signal sour- 
ce resistance Ry. In this circuit version, the op amp performs the 
function of stable amplification. 

Let us idealize the op amp by setting Rj, = oo and Roy; = 0 
(we shall explain below why such idealization is permissible). It 
may then be assumed that J;, =O and Vou; = —KyVin. The 
currents J, and J, prove equal. Write the equality J, = J, in the 


form 
(4/R,) (Eg — Vin) = (4/Re) (Vin — Vout) 





Substituting Vi, = —(1/Ko) Vout, dividing both sides by Ey, 
and making simple transformations, we obtain the circuit gain 


— Vout RR, 
K=—p) = THU RRR (50:98) 
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If the gain of an op amp is sufficiently high, the second term in 
the denominator of (10.35) may be neglected. Then, 


K —= —R,/R, (10.37) 


Expression (10.37) is a fundamental one for an op amp. It shows 
that under definite conditions the circuit gain depends only on the 
parameters of a feedback circuit and does not depend on the parameters 
of the op amp proper. In particular, the circuit gain is independent 
of temperature, supply voltage, and changes of factors B, whatever 
the causes of these changes can be. Replacing resistances R, and R, 


4, fe 





Fig. 10.35. Typical circuit diagram of an op amp 


by complex impedances, we can obtain the desired transient and 
frequency characteristics, which are also independent of the op amp 
parameters (see p. 442). 

Let us specify the conditions under which Eq. (10.37) is true. 
First of all, it is high values of Ky that make this expression valid; 
namely, according to Eq. (10.36), the inequality 


Ky > (RJR) +1=K+14 (10.38) 


must be met. Consequently, the gain of an op amp must by far exceed 
the desired gain of the circuit. For example, if it desirable that K 
will be 100, Ky must be higher than 108-104. 

With an increase in frequency, the value of K, inevitably dimi- 
nishes, which leads to a disturbance of the inequality (10.38). There- 
fore, an increased cutoff frequency of K, ensures a wider frequency 
band within which Eq. (10.87) holds good and offers all its advantages. 

At the beginning of the analysis we have disregarded output and 
input resistances. If we now allow for the finite value of R;,, the 
currents J, and J, will differ by a value of Ji, = Viz/Rin. It is 
easy to show that this correction leads to an additional term R,/Rip 
in the parantheses of Eq. (10.36). This summand and hence the 
effect of input resistance will be insignificant if 


Rin > Ry (10.39) 


The inequality (10.39) limits the permissible values of R, and thus 
those of R, at a given value of R;,. Higher values of Rin permit the 
use of higher-value resistors in feedback circuits. 
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As for the output resistance, its effect comes only to a certairz 
decrease in V,,; in comparison with the emf of an equivalent gene 
rator KjVin. So, we should replace K, used in the above formulas by 
a somewhat smaller value, Kj, which is dependent on the relatior 
between R; || R, and Ryu; Commonly, the following inequality 
is met: 

Rout < R, II Ry (10.40 


The correction for the value of K, does not then exceed 10% anc 
thus may be disregarded. The lower the value of R,,:, the highe 
the load capacity of an op amp and the smaller the values of resistor: 
that can be inserted into the feedback circuit. 

The integrated op amp shown in Fig. 10.34 has some other terminal: 
apart from the input and output terminals. Two of them are intendec 
for voltages of a dual-polarity power supply, one for grounding. 
and the rest (1... 4) for connecting auxiliary external circuits. 


10.10.2. Basic parameters of op amps. For an op amp to have ¢ 
differential input, its first stage must be a differential amplifiei 
DA (see Sec. 9.6). Depending on its gain, the first DA can be followec 
either by a second DA or just by a level shifter and other intermediate 
stages, which, in the final analysis, have to couple the DA witt 
a high-power output stage. The last stage is practically always con- 
nected in a class B push-pull circuit (see Sec. 9.9). 

The input DA predetermines the list of op amp parameters. This 
list is practically the same as for an individual DA. The parame. 
ters, considered in detail in Sec. 9.6, include voltage gain Ky, com- 
mon-mode rejection ratio Kp, input-offset voltage V.,;; and its 
temperature drift e,;;, average input current Jj, q,, and input: 
offset current AJ;,. As a matter of fact, in the list are also such para: 
meters as supply voltage E;,», supply current J,,p, power P,,, 
maximum allowable input voltages, maximum allowable output 
current, and some others. 

Input and output resistances are rarely included into the list o: 
basic parameters, but then they can be judged of by the values oi 
input and output currents. 

It is usual to characterize the speed of response of an op amp by 
a parameter vy, known as a slew rate; this parameter is measurec 


for a step input of a maximum possible amplitude. In a rarer use 
are the maximum frequency or unit-gain frequency f, at which the 
gain drops to Ky = 1. 

The development of integrated op amps took place in definite 
stages, each of which was noted for original circuitry designs anc 
specific types of semiconductor base. We can now distinguist 
three stages and three generations of integrated op amps. The 
averaged parameters of these generations are listed in Table 10.3 
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All the three generations can be placed into the category of universal 
op amps. The fourth generation which dates from about 1974 refers 
to specialized op amps. This means that the parameters listed for 
the fourth generation in Table 10.3 are not simultaneously met 


Table 10.3 
Typical Parameter for Integrated Op Amps 
> < 3 B 
G ti £ Q 5 7 a = a f=} > 
eneration a ise S Fa : z 3 & a 
sg < of eee th) OS = a” ey 
1st 25-50 | 70-85 2-5 13-5] 500} 200 |0.5-4] 10-50 |-+5...+20 
2nd 100 | 80-90 1-2 |3 100} 20-50 |0.5 5-20 |+3...+20 
3d 102-103 | 90-100} 0.5-1 | 2-3 | 2-5/0.4-0.2/0.2-2| 0.2-50 |+2...+415 
av 108 120 |0.25-0.5}0.5 |0.4 | 0.005 | 50-70|0.08-0.15| +2 to 5 
4th 
max 
or 


min 105 140 10.02 0.2 |0.02} 0.001 | 350 | 0.025 +#1.5 


with in one and the same op amp; they hold true for various op 
amps and are “record” parameters. For example, one type of op amp 
can have a minimum input-offset voltage but a low speed, the other 
a maximum speed but high power consumption, and so on. 

From Table 10.3 it is clear that the main trends in universal op 
amps were for higher gain and, primarily, for lower input currents. 
Decreased input currents aided not only in raising the input resist- 
ance but also in improving offset and drift compensation (see Sub- 
sec. 9.6.6). 

The following parameters of modern universal of op amp can be 
considered typical: 


Ky = 105-10° Kp, = 80-100 dB 
Vory = 1-3 mV Bost = 2-3 pV? CH 
Tin ap = 9-90 nA AI;, = 1-10 nA 


There are various means to achieve substantial improvement in 
individual parameters of the fourth specialized generation of op 
amps. Some of these means are described below. 

As known, the number of transistors for integrated op amps is 
not very critical, and so the designer can allow himself to add 
to an op amp additional elements and stages for improving the ampli- 
fier performance. Besides, close location of elements on one sub- 
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strate favors higher symmetry of DA branches and, hence, better 
offset and drift compensation. That is why the parameters of inte- 
grated op amps are always substantially higher than for similar discrete 
circuits. 


10.10.3. Design versions. Every generation of integrated op amps 
is noted for its own design versions. An example of the simple op 





Fig. 10.36. Schematic of the type 1YT402 op amp 


amp belonging to the first generation is given in Fig. 10.36. This 
circuit version uses transistors of only one type (mpm) and resistive 
loads in DAs, namely, diffused resistors. 

In the schematic diagram we can readily single out the first and 
the second DA (T1-T4 and 77-T10 connected pairwise in the Dar- 
lington circuit), level shifting circuits (7/7 and TJ2), intermediate 
single-ended amplifier 775, and a push-pull output stage using 
Darlington pairs (716, T17 and T18, T19). The given op amp cir- 
cuit employs three current reflectors (T6-T5, T13-T14, and T21-T20). 
The principle of current reflectors (current mirrors) is described in 
Sec. 9.11. The first reflector ensures a constant relationship between 
the operating currents in both DAs, the second provides the equality 
of currents in level shifters, and the third ensures antiphase voltagos 
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at the inputs of the push-pull output stage. A few diodes shown in 
the circuit play an auxiliary role which will not be considered here. 

The transistor 722 is connected in an emitter follower configur- 
ation. Its purpose is to lower the potential at point a over the supply 
voltage +E yp. Indeed, the potential at point b is equal to E.yp — 
— IR,. Since the current J fed to the second DA does not vary, Vy, 
may be considered constant; then V, = V, — V* is also constant 
and may be regarded as a supply voltage for the second DA. Such 
an artificial decrease in supply voltage makes it possible to use 
lower-value collector resistors in 
the first DA, that is, to reduce the 
time constant of collector circuits 
and the area for resistors. 

The current reflector 713-T14 
in the level shifting stage enables 
doubling the signal delivered from \ 
the second DA to the input of ‘+4 Pan 
stage 775. Assume the base of T1/ Saye LJ 
has received a signal +AV and 
the base of 7/2 a signal —AYV. 
The increment —AV almost fully 
goes to the base of 715 since T12 —F 
is connected in an emitter follower sup 
configuration. The increment +AV Fig. 10.37. Differential amplifier 
causes an emitter current incre- stage with dynamic load 
ment AV/R2’ in T11 (and hence in 
T13). This increment, reflected by the current reflector to the 
emitter circuit of 772, produces a voltage drop across R2”, which 
also proves equal to —AV if RI’ and R2” are equal in value. Se 
the total change in base potential V,,, becomes equal to —2AV. 

The current reflector 72/-T20 acts in the following manner. 
A signal AV at point c causes an emitter current increment in tran- 
sistors T19 and T21. This increment repeats in the collector circuit 
of 720 and gives an increment —AJ,R; on the base of T16. The 
resistance R83 is chosen such as to secure an equality AJ,R, = AV. 
The voltages on the bases of 7/6 and T17 will then be equal but 
opposite in sign, and this is the condition required for contro] of 
the push-pull stage. 

Op amps of the second generation feature a number of improve- 
ments. First, they use pnp transistors along with npn transistors; 
among other things, this facilitates designing of output stages (see 
Fig. 9.25). Second, along with simple diffused resistors, the op amps 
employ pinch resistors showing higher resistance ratings (see Sub- 
sec. 7.9.1). Third, along with bipolar transistors, input DAs some- 
times use FETs. These transistors are inferior to bipolar counter- 
parts in amplifying and frequency characteristics, but enable a sharp 
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reduction in input currents and an increase in input resistance. But 
the main feature of the second generation consists in the replace- 
ment of resistive loads in DAs by dynamic loads. The examples of 
dynamic loads, as applied to MOS transistors, were given above 
(see Fig. 9.13). As regards bipolar transistors, a typical approach 
is the use of a current reflector in the collector circuits of a DA 
(Fig. 10.37). 

Since the transistors 72 and 74 are connected together in the 
“collector to collector” manner, it is safe to say that the load for 
T2 is r,, and that for T4 is r.,. Both these resistances are very high, 
particularly in the microampere region [see Eq. (4.42)]. The load 
for both transistors is practically a smaller resistance R;,, which 
is the input resistance of the next stage (shown by a dash line in 
Fig. 10.37). 

Assume the bases of 7/7 and T2 have received signals -+AV and 
—AV respectively. The collector current J,, will then change by 
Al,, =a (AV/r,). The increment AJ,, will be reflected to the 
collector circuit of 74 to give a collector potential increment AV, ~ 
= AI.,Rin. The increment AJ,,. determined by a signal —AV 
will give exactly the same value of potential increment. As a result, 
the value at the output is AV., = 2AV (Rj,/r-), where R;,/r- is 
the gain. So the use of a current reflector allows us not only to obtain 
a high gain (to a few thousands) but also to double the signal at the 
single-ended output of a DA (such doubling was illustrated above 
for a level shifting circuit, see p. 433). 

The third generation of integrated op amps typically use super- 
beta transistors in input DAs (see Subsec. 7.4.4). High values of f, 
characteristic of these transistors, in conjunction with the micro- 
ampere operation mode practically offer the same small input 
currents as the ones provided by FETs, but ensure higher speed 
and amplification. 


10.10.4. Methods of Drift Comprensation. Symmetry of an integ- 
grated DA helps solve the problem of drift to a considerable degree. 
But in a number of special applications (particularly in precision 
measuring devices) this problem remains acute. Consider two methods 
of improving the temperature stability of devices in integrated 
form. 

The first method relies on stabilizing the temperature of an op 
amp chip, so that the temperature drift does not exist or, in any 
case, decreases substantially. The block diagram for temperature 
stabilization appears in Fig. 10.38. 

Apart from the op amp itself, the chip also carries temperature- 
sensitive elements D (commonly, forward-biased pn junctions), 
auxiliary amplifier A and heat-liberating elements HE (power tran- 
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sistors). Write the following relation 
ATic = AT, + AP,iRt (10.41) 


where AT yc is a change in the chip temperature, AJ, is a change 
in the environment temperature, AP,; is an increment in the power 
of heat-liberating element, and R; is the chip thermal resistance 
(see p. 97). Considering that the heat-liberating elements can only 
heat up the chip, but not to cool it, one can readily conclude that 
the given IC always operates at a maximum possible temperature. 
This is one of the drawbacks of the method. A second drawback 
is the need for an additional area (up to 20%) for the temperature 
stabilization elements. 

Denote the temperature sensitivity of D as ¢ (V °C-1), the gain 
of the auxiliary amplifier A as K,, and the transconductance for 
heat-liberating elements as Syx. 

Then, because of the increment : 
ATic, the power increment AP,,; jie Le ite / 
will take the form 


AP,, = (€AT yc) KaSyrk 


where £ is the supply voltage. 
Substituting AP,; into Eq. 
(10.41) yields 


ATro = AT o/(Kst + 1) (10.42) 


where the stabilization factor 
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ig. 10.38. Block diagram for chi 
Ket = —tK ,SyrER; ‘onpsrstine stabilization : v 
It is obvious that the sign of K, 
must be opposite to the sign of e. For typical values of « = —2.2 
mV °C-!, Syx = 40 mA/V, E =10 V, Ky, = —200, and R; = 
= 0.3°C/mW, we get K,; = 50. This means that over the tempe- 
rature range AT, = 150°C, the-chip temperature will vary by mere- 
ly 3°C (the chip operating temperature will be about +120°C). 

A radical method of eliminating the effect of drift (but not the 
drift itself) is to use modulation-demodulation (MDM) amplifica- 
tion instead of conventional direct amplification. In conventional 
amplifiers, slowly varying signals are inseparable from the 
drift because their frequency spectra coincide. The principle of 
MDM amplifiers lies in modulating a useful signal, that is, shifting 
its spectrum into a comparatively high-frequency region, while 
maintaining its amplitude (Fig. 10.39). It is then safe to pass the 
signal through a conventional amplifier A, being sure that the signal 
and the drift will not “mix up”. At the output of the amplifier the 
signal is demodulated, that is, its initial spectrum is restored. 
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MDM amplifiers did not gain recognition in discrete circuits 
because, first, they require additional active elements and also high- 
quality modulators—choppers. In integrated form, MDM ampli- 
fiers prove rather simple; they use MOS switches (see Subsec. 8.7.1), 
noted for the absence of the residual voltage in the on state, which 


Vi in @ © Vout 





Fig. 10.39. Principle of MDM amp- 
ifier ; t 


provide high-quality modulation and demodulation. Control over 
the switches is effected by a square-wave generator disposed on the 
same chip (SWG in Fig. 10.39). 

MDM amplifiers ensure not only a small temperature drift 
(0.2 pV °C-!, see Table 10.3) but also a decreased level of lf noise. 


10.10.5. Op amp applications. Prior to considering the examples 
of op amp uses, let us note that both the analysis and calculation 
of many circuits containing op amps become simpler under the 
assumption that the input voltage of an op amp is equal to zero. This 
approach is valid if we know that the op amp in question operates 
in the normal linear mode. In this case the input voltage is a factor 
of K, smaller than the output voltage. The latter does not usually 
exceed 5 to 10 V. Thus, the values of V;, are as a rule equal to merely 
tens of microvolts and even less, that is, a few orders of magnitudo 
lower than other voltages in the circuits. 

In a number of cases, an op amp operates in the nonlinear mode. 
This happens when the gain K, ceases to be a proportionality factor 
for the input and output voltages. Indeed, the output voltage cannot 
exceed the supply voltage. If we now apply a sufficiently largo 
signal Vin > Esup/Ky to the input, the output transistor will 
either go off or on to saturation (see Subsec. 9.6.5). The output 
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voltage then takes one of the limiting values, +, or —E,, and 
does not further depend on the input signal. 

_ Fig. 10.40 shows a typical circuit of the voltage regulator. Set- 
ting Vin = 9 (see above), we may write V, = V,.;, where V,.; 
is the reference voltage. Expressing V, in terms of the output voltage 
of the form V, = Vj, yields 


Vo = VeeslP 


where y = R,/(R, + R,). Varying the resistances R, and R, allows 
regulating the output voltage. 


Fig. 10.40. Voltage regulator 
using an op amp 





The use of an op amp makes it possible to solve one of the main 
problems, namely, to decrease sharply the output resistance of 
regulator as against that typical of a simple circuit (see Fig. 9.32). 
To support the point, let us set an increment AV, at the output. 





Fig. 10.44. Voltage comparator 
(a) circuit; (b) transfer characteristic; (c) comparison function 


As it arrives at the transistor base, the amplified increment KyyAVo 
causes an emitter current increment Al, ~ KyyAVo/re. Dividing 
AV, by AI, gives 

Rout © Te! Koy 


The calculated value of Rou; can be as low as thousandths of an 
ohm and less. In this case, the actual value is often determined by 
metallization or conductor resistances. The stabilization factor here 
proves higher than that of a simple circuit. 

Figure 10.41 shows the circuit of a comparator whose function is 
to compare two voltages. 
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Assume first that V,; = —E,,;, where E,,; is the fixed reference 
voltage. With the resistances R being the same, the potential at the 
inverting input will be a half-sum of V, and £,,;, that is, equal to 
zero. Correspondingly, V. = 0 and both diodes are off. If we now 
raise the input voltage by AV,, the potential at the inverting input 
will become positive and a negative voltage V, will appear at the 
output. The diode D2 will then turn on. As known, the voltage on 
a forward-biased diode is practically a constant value, equal to V*. 
Setting V;, = 0 (see the text at the beginning of the subsection), 
we arrive at the conclusion: after biasing the diode D2 to the on 
condition, the output voltage is equal to —V* irrespective of the 
value of V,. If AV, < 0, the diode DJ goes on and the output voltage 
becomes equal to +V* and is also independent of Vj. 

The voltage V;, at which one diode or another turns on charac- 
terizes the comparator sensitivity A. 

This is the ratio of the output voltage V* to gain K,: 


A = V*/K, 


For example, if K, = 10°, then A ~ 7 wV. So the output voltage 
is set at levels +V* when the voltage V, deviates from —E,.; by an 
extremely small value. It is impossible to represent the interval A 
on the graph where the scale of V, comes to a few volts or to tenths 
of a volt. Hence, the comparator will produce a step-like waveform 
(Fig. 10.416). This feature underlies the application of a comparator: 
it compares changing voltages with the reference voltage E,,; and 
senses their equality. Each time the comparator detects the equality 
of voltages, the output voltage swings sharply to the opposite polarity 
(Fig. 10.41c). In a particular case where E,,; = 0, the comparator 
is referred to as a zero detector. 

If individual diodes DI and D2 are replaced by series diode net- 
works, the comparator output voltage will be higher respectively. 
But it cannot exceed the limiting values +, and —£, which were 
mentioned earlier (see p. 436). If we do not connect any diodes at 
all in the feedback circuit, the output levels will be at +, and 
—E, and the sensitivity will be +,/K, and —E,/K,. In this 
case, the voltages V, differing from —E,.+ by a value higher than 
the response level will correspond to the nonlinear mode of operation 
of the op amp. 

Figure 10.42a illustrates a threshold device which operates in much 
the same way as the Schmitt trigger (see Sec. 8.10). 

Denote the feedback factor as 


y= V/V, = Ri/(Ri + Re) 
Suppose that in the initial state all the potentials (V,, Vj, and V.) 


in the circuit are equal to zero. Using the same method as that des- 
cribed in p. 308, we can ascertain that this state is unstable: tho 
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smallest fluctuation causes an avalanche-like process. As a result, 
the output voltage assumes one of the two limiting values, +F, 
or —E, (see p. 436). 

Let at V, = 0 the output voltage be equal to +£,. The potential 
V, will then be equal to Vj = yE, > 0, and the input voltage 
(referred to the noninverting input) will be given by 


Vin = Vi — V6 = —vE, 


With the control voltage V, made negative, V;, becomes still more 
negative, so the output voltage does not change and remains equal 
to E,. At positive values of V, lower than V%, the output voltage 
will not yet change because the difference V, — Vj remains negative. 





(@) 


Fig. 10.42. Threshold device 
(a) circuit; (b) transfer characteristic 


Only at V, ~ Vj does the input voltage approach zero and the output 
voltage begin to fall off. The potential V, = yVo.; will then start 
decreasing along with the input voltage. The avalanche-like process 
thus sets in, with the result that the output voltage assumes the 
second stable value, —£,. The potential V, now becomes equal 
to Vo = —yE, < 0. Since the control voltage V, has not changed 
during the avalanche-like process and remained equal to Vj, the 
input voltage take the form 


Vin = Vo — Vo = y (Ey + Fp) 


A further rise in V, has no effect on the value of V.. 

If now the voltage V, decreases and goes through zero to the 
negative values, the output voltage does not change until after 
the potential V, becomes near Vj. Following this, the avalanche 
process will occur again and the output voltage will swing to £,. 
The function V, (V,) is illustrated in Fig. 10.426. In distinction 
to the Schmitt trigger, this circuit has a dual-polarity transfer 
characteristic, which is also symmetric about the V, axis if F,=F,. 

The threshold device forms the basis for a wide class of pulse 
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circuits: square-wave generators, sawtooth generators, pulse shapers, 
and others. 

In conclusion, consider op amp circuit versions with feedback 
paths (see Fig. 10.35). With R, and R, being made equal, the circuit 
functions as an inverting follower with a gain K = —1. The input 
resistance of such a follower is equal to Ry. 

If we replace R, by a capacitor C, the gain of Eq. (10.37) in oper- 


ator form will be 
K (s) = —1/(sCR,) 


As known, 4/s is an integral operator. So the op amp with such 
a feedback circuit is an op amp integrator, in which the relation bet- 
ween the output and input voltage has the form 


Vout (t) ~ J vin (t) at 
If we replace R, by C, then, according to Eq. (10.37), 
K (s) = —sCR, 


The operator s is a differential operator, and here the op amp 
converts to an op amp differentiator, in which 


Vout (2) os (d/dt) Vin (¢) 


It is likewise possible to make up circuits for handling other operat- 
ions. 


10.11. Testing of Integrated Circuits 


Integrated circuits, like any other electronic devices, must be 
fit for work under different operating conditions. This calls for 
control of ICs during and after manufacture to detect defectives. 
The conditions of test should resemble as much as possible the condi- 
tions at which an IC can or is likely to operate. 

Each IC located on the wafer is subjected to a complete checkout 
prior to scribing. Defective ICs are marked with a drop of paint and 
rejected after scribing. Sound ICs are then used in assembly operat- 
ions. After assembling and packaging, the devices are put to various 
tests such as electrical, design, mechanical, environmental, and, 
in some cases, radiation tests. 

Electrical tests are aimed at measuring most important parameters 
which enable a device to perform its specified functions. For digital 
ICs these are logic 1 and logic 0 voltage levels, input currents, delay 
times, and some other parameters. For analog ICs, these are gain 
factors, cutoff frequencies, leading edge and trailing edge times, 
output resistances, and others. For digital LSI circuits, these para- 
meters cannot generally be measured because of a limited number of 
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external terminals. Therefore, electrical tests on digital LSI circuits 
are functional in character: definite codes are set at the inputs and 
the reaction to these codes are detected at the outputs. It is practi- 
cally impossible to locate a concrete defective section or element 
which causes the malfunction of the entire LSI circuit. 

Design tests include a visual check of the IC package and 
external terminals for dents, scratches on the package, bends, and 
cracks in the terminals. A test for hermetic sealing of a package 
holds a special place. In use are two methods for such verification, 
the method of helium leakage and the method of hot oil. By the 
first method, a small amount of helium is introduced into the pack- 
age during its sealing. Helium exhibits the property of seperfluidity, 
that is, ability to issue through minute holes, if any, in the package. 
Helium leakage is detected by special testers called leak detectors. 
In the second method, which is simpler and cheaper (but less accur- 
ate), an IC is immersed in a vessel filled with hot process oil. If 
the package is not air-tight, the residual gases get out through 
holes, and so the bubbles appearing at the surface attest to poor 
package sealing. 

Mechanical tests are divided into vibration and impact types. 
The first are made on vibration-testing machines. ICs are glued 
to a vibrating table, which is then set in motion to vibrate at a defi- 
nite amplitude (to a few millimeters) and a definite frequency (to 
hundreds of hertz and more). These tests permit detecting unreliable 
connections between an IC and package terminals. For higher assur- 
ance, two test cycles are conducted for vibration resistance with ICs 
held in two, mutually perpendicular, positions relative to the 
table. Impact test methods use a pendulum-type impact machine. 
A heavy pendulum is swung back a certain distance away from an 
IC fastened on the board and then is allowed to go down. The impact 
strength is measured in acceleration g-units. The typical values 
are 20000 g, but sometimes they range into 10°g. The test cycle is 
usually limited to 2 or 3 impacts. 

Environmental tests include test procedures for determining elec- 
trical parameters at various conditions of the environment. Of 
primary importance are the tests for establishing the operating- 
temperature range. They are run at limiting temperatures (over the 
range —70°C to +125°C for silicon devices). Heat-cycling tests then 
follow. The procedure comes to exposure of ICs to low temperatures 
maintained in a cryostat and then to high temperatures in a thermo- 
stat in rapidly changing cycles. Other types of test involve exposure 
of ICs to increased humidity (98 to 100%), to see fog (in the atmo- 
sphere of dispersed salt solutions), to biological factors (fungi), 
to low and high pressures (in high-pressure chambers), and to other 
influences. 
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A combination of the above tests makes it possible to detect unfit 
devices and thus supply the customer with the ICs which can 
in principle perform their functions under specified operating 
conditions during a definite time after putting them into service. 
The problem concerning this period of operation and evaluation 
of the anticipated serviceability of ICs relates to the theory of reli- 
ability. Some elements of this theory will be discussed in the section 
that follows. 


10.12. Reliability of Integrated Circuits 


It has been pointed out in Ch. 1 that the enhanced reliability of 
ICs is one of the main factors which ensures the development of 
microelectronics as a specific field of science and engineering. 

Reliability is not an intuitive notion; there are a number of quant- 
itative parameters which in combination characterize the quality 
of integrated circuits. Reliability is the probability of failure-free 
performance of a device for an intended length of time under specified 
operating conditions. 

Failure of an IC (or any other device) is understood to be either 
a complete inability of the IC to operate or its malfunction such 
that some of its parameters deviate from the permissible, previously 
stipulated ratings. Correspondingly, one commonly discriminates 
between complete (catastrophic) and creeping (progressive) failures. 
Thus, a shorting between the collector and base may be taken as 
an example of complete failure, and a threefold decrease in the 
gain 6B as an example of creeping failure. 


10.12.41. Causes of IC failures. Complete failures essentially result 
from shortings and bursts in an IC, and creeping failures from 
progressive changes in conductivity and in other electric and physical 
parameters of individual parts of the IC. 

If shortings and bursts have appeared before the control check, 
they can be detected and faulty ICs rejected in electrical testing. 
But if they are still in the incipient stage, the testing procedure 
will fail to reveal them, and the defects will be potential factors 
of unreliability. Let us enumerate the typical processes causing 
shortings and bursts. 

A short-circuit may appear if, for example, one connection wire 
comes in contact with another or with the case under mechanical 
vibrations or impacts; if a circuit portion overheats and melts out; 
or if a current-conducting substance penetrates into the dielectric 
through its pores. The last defect often occurs in a thin oxide of 
the MOS transistor if moisture gets into the IC package. Local 
overheating is inherent in power transistors and is practically 
nonexistent in ICs, let alone LSI circuits. 
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Bursts may result from mechanical influences (vibrations, 
shocks) and from electrochemical and chemical processes. Vibrations. 
and shocks generally impair electrical contact between connection 
wires and bonding pads. Electrochemical and chemical processes. 
show up in a variety of ways. 

First, electrochemical corrosion of metal films and contact connec- 
tions takes place. For example, in the presence of traces of moisture 
and hydrochloric acid, aluminum metallization converts to alu- 
mina, Al,O3. 

Second, chemical processes cause the formation of intermetallic 
compounds. This phenomenon is particularly apparent in contacts. 
between dissimilar metals, for example, between a gold wire and 
aluminum bonding pad. At one time the malfunction of such con- 
tacts led to numerous failures of ICs because of “purple plague”, 
a metal disease responsible for the conversion of metals into a non- 
conducting powderlike compound of purple color at the boundary 
between Al and Au. To prevent the formation of such a compound 
requires performing thermocompression operations understrictly 
specified temperature conditions. 

Third, the process of electromigration is to be mentioned. This is 
the movement of metal (aluminum) atoms into adjacent regions 
under the action of an electric field and elevated temperature. The 
thickness of a metal stripe then decreases and an open-circuit appears. 
as a consequence of local overheating and “burning” of the stripe. 

Consider now the processes responsible for progressive (creeping): 
failures, or, in essence, for the time drift of IC parameters. Of course,. 
a strictly defined border-line between complete and creeping failures: 
does not exist. It can be said that a complete failure results from an 
avalanche-like accumulation of those changes which earlier caused 
the drift of parameters. 

The processes occuring at the boundary between silicon and a pro- 
tective oxide play the main part in the origin of creeping failures. 
They cause the formation of inversion and depletion layers— 
channels—under the action of ions located in the oxide (see Sec. 3.5). 
These channels, as noted in Subsec. 3.5.2, have a direct effect on 
the reverse currents of pn junctions and on the value of breakdown 
voltage. Instability of these two parameters is due to migration. 
of ions in the oxide. In turn, ion migration is due to diffusion (par- 
ticularly at elevated temperature) and drift of ions in electric fields. 

Electric fields are inevitably present in the oxide since the latter 
borders on semiconductor layers and metal stripes which are at 
different potentials. Both the thickness of the oxide and the width 
of pn junctions average fractions of a micrometer, therefore the field 
strength reaches 104 V/cm and above even at a potential difference 
of 0.5 to 1 V. 
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The field direction can be both longitudinal (parallel to the inter- 
face) and transverse (perpendicular to the interface). Consequently, 
the migration of ions in the oxide occurs in both directions, thereby 
causing changes not only in the conductivity of channels but also 
in their length. For example, if the inversion m channel formed in 
the base initially terminates short of the collector contact, then, 
with time, it can form a “bridge” between the base and collector con- 
tacts (see Fig. 3.22d). A “bridge” present in a switching circuit will 
inhibit double injection operation, and so the level V® will go up. 
In an amplifier circuit, a “bridge” will cause a decrease in the input 
resistance. Hither of these defects will grow progressively as longi- 
tudinal migration of ions continues and the channel extends further 
on. 

Surface phenomena also affect the values of B and f. Indeed, 
according to Eq. (4.24), the gain B depends on the values of Ly 
and L,. In turns, these values depend on the effective lifetimes of 
carriers in the base and emitter layers [see Eq. (2.66)]. The effective 
lifetime is the sum of bulk and surface components [see Eq. (2.41)]. 
Since ion migration in the oxide changes the surface layer structure 
and hence the surface recombination rate, the base current gains B 
and £ are liable to time drift. 


10.12.2. Methods of reliability evaluation. To date the basic me- 
thod of IC reliability evaluation has been a statistic method relying 
on the test of a batch of devices for service life. If m failures have 
occurred in the batch of N pieces in time ¢, then the failure proba- 
bility per unit time is 


a (4/h] = n/(Nt) (10.43) 


The quantity A is known as the mean failure density, or failure rate. 
Knowing the value of 4 permits estimating the probability of fai- 
lure-free operation of an IC over a specified period of service: 


~P=e-™ (10.44) 


From Eq. (10.44) if follows that, whatever small the quantity A 
can be, with time the probability of survival approaches zero. 

The mean time to failure, or mean life of a device, is customarily 
found from“the condition At = 4: 


tm = 1/h (10.45) 


Setting 4 = 10-5 1/h, we get tf, = 105 h (about 10 years). 
Generally speaking, the quantity 4 is not constant: it changes 
with time (Fig. 10.43). The curve A (¢) features definite sections: 
section J, representative of the failures due to the rough errors 
in assembling, surface contamination, etc.; section JJ, where A 
is constant, that is, the failures result only from random, uncon- 
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trollable causes; and section J/J, where A again rises as a result of 
inevitable aging of the device, that is, as a consequence of chemical 
and physicochemical processes unavoidable in any real structure. 
For an IC, the principal factors conducive to the above processes 
are mutual diffusion of dissimilar metals, cosmic radiation-induced 
defects, and others. 

The mean life given by Eq. (10.45) corresponds to the boundary 
between sections JJ and III. Section J is commonly eliminated by 
the producer who trains the devices before they are delivered to the 
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Fig. 10.43, Failure rate versus time 


customer. Training is the trial run of devices for a few tens or hund- 
reds of hours in normal operating conditions after they have passed 
mechanical, electrical, and environmental tests. Training thus helps 
reveal defectives at the producer’s site. 

At the present time, the failure rate for ICs and LSI circuits ranges 
from 10-® to 10-9 1/h. For reliable estimation of 4, it is necessary 
to “wait” for at least 2 or 3 failures in testing. So, at n = 2 or 3, 
as follows from Eq. (10.43), the test procedure for a batch of 10® pie- 
ces would take tens of years. To cut the test time by using a batch 
of 10* to 105 pieces does not prove economical. 

In such cases, recourse is made to an accelerated test method 
based on the Arrhenius law which states that the rate of chemical 
and physicochemical processes, v, is exponentially dependent on 
temperature: 

v ~ exp (—W,/kT) 


where W, is the activation energy of a process. Hence, the mean life 


at an elevated temperature will be substantially shorter than that 
at the normal temperature: 


tace = tn exp [— (Walk) (Tn — Tacel (10.46) 


where subscripts “n” and “acc” relate to normal and elevated absolute 
temperatures respectively. Accelerated life tests conducted at elevat- 
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ed temperature speed up failure mechanisms, so the device under 
test fails in a much shorter time. The obtained value of A,., is used 
to calculate the value of t, by expressions (10.46) and (10.45). 
Testing ICs at a temperature of, say, 250°C can reduce the time 
it takes to estimate 4 by a factor of few hundreds. However, 
at 4 < 10-9 1/h even such an acceleration proves insufficient. From 
this it follows that at the stage of modern microelectronics conventional 
statistical methods of reliability evaluation become unacceptable. For 
the past 5 to 10 years a considerable effort has been directed toward 
the development of physical methods for reliability prediction. 
These methods involve individual investigations into the structure 
of finished ICs to locate the defects which 
are likely to cause a failure and also investi- 
gations on failed ICs to elucidate the causes 
of malfunction and introduce requisite im- 
provements in the fabrication processes. 
Unlike statistical test procedures which 
belong to the category of destructive tests, 
physical test methods are nondestructive 
and often contactless. The latter include 
the methods of infra-red imaging, X-ray 
(8) examination, electro microscopy, and also 
the methods of measuring the level of ex- 
Fig. 10.44. Number of CeSS noise which characterizes the quality 
failures due to various of contacts. However, all these methods 
causes in simple ICs (2) necessitate complex and costly test equip- 
and large ICs (6) ment and thus cannot as yet be considered 
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will undoubtedly hold the lead in due time. 

The failure rate decreases with an increased level of integration 
because of a higher technological level of LSI circuit manufacture. 
This brings about changes in the role of various failure factors (Fig. 
10.44): metallization defects and diffusion inaccuracies (which 
were relatively insignificant in simple ICs) are in the forefront 
in LSI circuits. On the contrary, errors due to incorrect application 
of LSI circuits are in the background (because of a sharp decrease 
in the number of external connections). 

Speaking of the statistical methods of reliability evaluation, we 
have implied that the test results found from Eq. (10.43) for a con- 
zrete batch, of devices are valid for other similar batches. This 
can only be true if other batches are fabricated according to the 
same technology as that employed for the tested batch. Hence, an 
important conclusion follows: high reliability of ICs is primarily 
provided by the stability of the manufacturing process. Any changes 


10.18. Conclusion 447 


{even progressive) in the manufacturing process may cause a decrease 
(at least temporary) in the reliability of ICs. 

In conclusion, let us stress the fact that the notion creeping defect 
is conditional. Depending on the type of apparatus, a change in B 
by 40% can be either inacceptable or acceptable, that is, can or can- 
not be regarded as a failure. So the ICs considered to be defective 
(unfit) for use in one device can be employed in another for a still 
long time. 


10.13. Conclusion 


From what we have learnt in this chapter, it is now possible to 
draw the following general conclusions as regards the prospects of 
microelectronics development in the near future. 

An increased scale of integration, which is particularly evident 
in the last years, is not the end in itself. It only offers the possibility 
of designing new electronic devices (in LSI form) whose functions 
correspond to those of the former units employed in discrete elect- 
ronics. 

One of the unique achievements made in microelectronics in the 
1970s was the development of a microprocessor. The device comprises 
an arithmetic-logic and a control unit of a computer farbicated 
on a single chip (generally, in the CMOS logic, TTL, or I?L form). 
In combination with an LSI memory, clock pulse generator and 
data input and output circuits, the microprocessor represents a com- 
plete computer disposed on a small printed circuit board. In recent 
years, an effort made to combine the above units and thus produce 
a microcomputer on a single chip has proved a success. So at present a 
computer, which formerly belonged to complex systems, has become 
a kind of circuit component, a constituent of supercomplex systems. 
It is of interest that by its functional capabilities, a microcomputer 
is comparable to the first electron tube-based computer of the 
ENIAC type that came in the late 1940s and occupied an area of 
10 < 13 m?. This type of computer is much inferior to the micro- 
computer in speed, reliability, and power dissipation. 

The adoption of the microcomputer as a system component marks 
a new epoch in radioelectronics. But it will take a certain time until 
the microcomputer comes into wide use (probably in the late 1980s). 
A further rise in the scale of integration is problematic. In its deve- 
lopment, microelectronics will most likely take the course toward 
functional microelectronics (see below). 

The experience gained in the development of radioelectronic 
apparatus has shown that purely electronic units account for 30 
to 40% of the entire units. The remaining 60 to 70% of the units are 
of the electrical, electromechanical, and mechanical types (light 
indicators, primary-cell batteries, transformers, relays, electric 
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motors, electromagnets, connectors, switches, etc.). Microelectronics 
is obviously far ahead of the related branches as regards its pace 
of development. 

At the present stage, it becomes highly necessary to introduce the 
methods and means of microelectronics into the related branches to 
bring about sharp improvements in the size-mass, cost, and relia- 
bility indexes of nonelectronic units. This trend which received 
the name complex microminiaturization is gaining ground. New 
devices have come into being, such as optoelectronic contactless 
relays, integrated (film) magnetic recording heads, and others. 

In the field of electronic units, a purely quantitative rise in the 
scale of integration cannot be infinite. In evidence is a qualitatively 
new approach which comes to rejecting tranditional circuit elements 
(primarily transistors) in favor of elements using volume effects in 
solids. This approach is likely to lead to higher reliability (surviva- 
bility). 

A classical example of the device relying on these effects is a 
quartz crystal vibrator which, being a homogeneous structure, per- 
forms the function of a tank circuit consisting of L, C, and R ele- 
ments. Other examples may include Gunn diodes and Josephson 
diodes, which are homogeneous structures featuring a negative incre- 
mental resistance on the current-voltage curve. This feature permits 
in principle using these diodes as bistable units (that is, in place 
of multiple-element flip-flop circuits) and also as amplifiers. A num- 
ber of practical difficulties (in particular, the necessity of maintain- 
ing cryogenic temperatures for Josephson diodes) yet makes these 
approaches problematic. The use of amorphous semiconductors is 
so far equally problematic (see Subsec. 2.2.4). But the general 
trend toward the use of volume properties of a solid body should be 
considered promising. 

The above trend goes with the trend toward the use of the volume 
of liquids, electrolytes. The latter received the name chemotronics. 
On the whole, it can hardly compete with solid-state microelectro- 
nics, but some particular approaches are likely to show promise for 
complex microminiaturization. A general drawback of chemotronic 
devices is a low speed of response due to the lag in velocity of ions 
moving in the electrolyte. 

A scientific and engineering trend toward the use of volume 
effects to enable replacing the component structure of ICs condi- 
tionally received the name functional microelectronics. 

Considering the above discussion, it can be inferred that modern 
microelectronics is probably a certain complete stage and a new 
stage will set in sooner or later, which will qualitatively differ 
from the preceding stage. Obviously, a new stage will rely on the 
physical, technological, and circuitry principles that underlie 
modern microelectronics. 
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Accepters, 30 
Admittance, 
equivalent input, 330 
Amorphous substances, 27 
Amplifiers, 3415-323 
cascode, 354 
differential, 330-344 
MOS transistor, 342 
MOSFET, 325, 326 
operational, 427-434 
push-pull, 358-360 
Amplification factor, 160, 317 
Analog circuits, 264, 312 
Anisotropy, 23 
Anodizing, 198 
Artwork, 190 
Assembling of ICs, 201-204 
Asymmetrical triggering, 303 


Band bending, 61, 154 
Band diagrams, 31-39, 79, 80, 93, 
107-114 
Base resistance modulation, 91 
Basic constants, 37 
Bipolar transistors, 118-125, 133-138 
common-base, 119, 127, 131, 146 
common-emitter, 119, 128, 136, 146, 
147 
diffusion, 117, 120 
drift, 117, 122 
Bistable units, 304 
Boltzmann constant, 37 
Boltzmann’s equilibrium, 42, 43 
Bonding of components, 207, 208 
Boundary, 
pn junction, 76 
Breakdown in pn junctions, 
avalanche, 93-36 
thermal, 96 
tunnel, 93, 96 


Carrier 
concentration, 36-45, 48, 81, 83, 123 
diffusion, 67-70 


distribution, 39, 43, 73, 79, 
125, 280 
drift velocity, 48 
extraction, 73, 85 
generation, 28, 53 
injection, 68, 85 
lifetime, 54-57 
mobility, 43-47 
recombination, 33, 51 
direct, 51-53 
equilibrium, 52 
rate of, 52, 53, 57 
surface, 56 
trap, 54 
removal, 103 
transport, 86 
Carriers, 
excess, 53, 55, 70, 103 
free, 36 
injected, 73 
intrinsic, 40 
majority, 30, 43 
minority, 30 
Capacitance, 153 165 
barrier, 97, 148, 164 
differential, 98 
diffusion, 97, 99 
feedback, 242 
junction (see barrier) 
overlap, 164 
parasitic, 293 
per-unit area, 257 
Capacitors, 
iffused, 254-257 
film, 261, 262 
memory, 304 
MOS, 258 
Capture cross section, 52 
Charge-coupled devices (CCD), 420, 
423 
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buried-channel, 427 

two-phase, 426 
Collector diffusion isolation (CDI), 271 
aenaes rejection ratio, 335, 


Common-mode signal, 336 


Component attachment, 207 
Concentration gradient, 65, 184 
Conduction, 29 
Conductive pastes, 16 
Conductivity, 43, 48, 49 
Contacts, 

metal-semiconductor, 106-111 
cone potential difference, 37, 59, 


Continuity equations, 66 
Crystal defects, 
Frenkel, 24, 25 
point, 25 
radiation, 24 
Schottky, 24, 25 
Crystal lattice, 23 
dislocation in, 25, 26 
Crystal planes, 23, 24, 27 
Crystal surface, 26 
Current, 65 
diffusion, 65, 74 
drift, 43 
forward, 76 
input offset, 340, 344 
reverse, 76, 105 
thermal, 87, 88 
thermally generated, 92 
ie gain, 127-132, 140, 145, 147, 
transistor, 127, 224 
Current reflectors (mirrors), 370-372 
Current regulators, 366 
Cutoff frequency, 145, 224 
current gain, 148 
of transconductance, 166 
Current-voltage (I-V) characteristics, 
pn junction, 85-96 
switch, 280, 288 
Czochralski technique 
of crystal pulling, 174 


Darlington pair, 343 
Debye length, 58 
Delay time, 143, 274 
Dember effect, 68 
Depletion layer, 58-62, 79, 152 
Depletion mode, 63, 64 
Deposition 
electrolytic, 199 
thick film, 209, 210 
thin film, 194-199 
Detector, 
voltage level, 312 
Differential signal, 332 
Diffusants, 180 
Diffusion, 215, 216 
carrier, 67-70 
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double, 246 
selective, 179 
total, 179 
Diffusion 
coefficient, 183 
constant, carrier, 57, 66 
depth, 183 
equations, 67, 69 
furnace, 180 
length, 72 
theory, 181 
time, 100, 144 
Digital circuits, 264 
Diodes (see also pn junctions), 
integrated, 237 
point-contact, 106 
reference, 96, 238 
Schottky, 109 
semiconductor, 77 
Diode-transistor logic (DTL), 384 
Dyect-coupled transistor logic (DCTL), 
Donors, 29 
Doping, 178 
epth of, 74 
Drift 
compensation, amplifier, 338, 434 
of dc components, amplifier, 319 
velocity, carrier, 48 
Dynamic MOS (DMOS) logic, 394 


Early effect, 132 


Ebers-Moll model, 134 


Ebers-Moll equations, 135 
Electronics, definition of, 9 
Electronic circuits (see also ICs), 
analog, 264 
clsatc tion of, 264 
digital, 264 
inverting, 265 
noninverting, 265 
switching, 271 
Emitter-coupled 
(ECL), 379 
Emitter follower, 344, 345, 352, 365 
Encapsulation, 203 
Energy levels, 30, 36, 38 
density of, 39, 40 
distribution of, 39 
surface, 32 
trap, 36 
Enhancement mode, 63 
Enriched layer, 62, 115, 152 
Epitaxial passivated IC (EPIC) pro- 
cess, 218 
Epitaxy, 174-176 
liquid phase, 176 
vapor phase, 175, 176 


transistor logic 
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Equivalent circuits, 
amplifier, 316 
capacitor, 256 
resistor, 252, 253 
switch, 277 
transistor, 133, 271, 272 

Error function, 72 

Etching, 185, 208 
anisotropic, 187 
electrolytic, 186 
ionic, 186 

Evaporation, 
thermal (vacuum), 194 

Exposure time, 184 


Fall time, 274 
Fan-in, 399 
Fan-out, 399 
Fermi level, 39, 441, 44, 64 
Fick’s laws, 4184 
Field effect 
in semiconductors, 58, 60-63 
piclocetiect transistors (FETs), 116, 
CMOS, 152, 243 
junction, 168-172, 239 
MNOS, 248 
MOS, 14, 15, 151-160, 243 
built-in channel, 153 
self-aligned poly-Si gate, 245 
Field-form factor, 74 
Flip-chip method, 207 
Flip-flops, 301 
D, 405, 406 
JK, 405 
T, 306, 403, 404 
RS, 400 
RST, 402 
Frequency characteristics, 142 
amplifier, 324 
bipolar transistor, 145, 146 
JFET, 172 
MOSFET, 163-166 


Gain, y 
Soe 127-132, 140, 145, 147, 148, 
2: 
common-mode, 335, 343 
difference-component, 334 
voltage, 317, 334, 345 
Gates, logic (see logic elements) 


Hybrid ICs, 12-16 
compatible, 13 
large-scale, 419 


thick film, 16, 209 
thin film, 17, 204, 207 


Impact ionization 
coefficient, 95 
Impurities, 25 
interstitial, 25 
substitutional, 25, 29 
Impurity 
concentration, 45-47, 114, 115 
distribution, 82 
distribution, 181-184, 221, 222 
solid solubility, 180 
Inductors, film, 263 
Injection efficiency, 128, 129 
time constant of, 148 
Injection level, 69 
Injection operation, transistor, 
double, 124, 125 
Integrated circuits (ICs), 12-21, 374 
assembling of, 201-204 
classification of, 12 
complementary, 120 
definition of, 9 
hybrid, 13-17, 207, 209, 419, 440, 
442 
I?L, 389 
large-scale, 16, 413, 419 
manufacture of, 11, 204, 209 
medium-scale, 16 
MOS, 14, 15 
packaging of, 203 
semiconductor, 12, 14-16, 194 
small scale, 16, 413 
thick-film, 12, 16, 209 
thin-film, 12, 17, 194, 207 
very large-scale, 16, 414 
Integrated diodes, 237 
Integrated elements, 212 
definition of, 9 
film, 259 
isolation of, 213-219 
Integrated injection logic (I?L), 385 
circuits, geometry of, 389 
Interconnection pattern, 14, 200 
Interface, 112-115 
Inverse operation, transistor, 125 
Ion implantation, 184, 185 
Isolation methods, 244-219 
air, 219 
CDI, 217, 231 
diffusion, 216-218 
isoplanar, 219, 220 
pn junction, 215, 216 
SOSIC, 219 
V-groove, 221 
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Junction (see pn junction) 
Junction FETs (see FETs) 


Laplace transform, 71, 144 
eee integration (LST), 16, 443, 
characteristics, of, 414 
Level shifters, 353 
Logic, 
CMOS, 292 
diode-transistor, 381 
direct-coupled transistor, 376 
DMOS, 394 
emitter-coupled transistor, 379 
integrated junction, 385 
resistor-capacitor transistor, 379 
resistor-transistor, 378 
transistor-transistor, 383-385 
Logic 
elements, 374 
bipolar, 374-385 
MOS, 391, 396-399 
functions, 374 
swing, 376 
symbols, 375 


Masking, 188 
Masks, 14, 188, 189, 20, 4209 

photoresist, 200, 208 
Maxwell-Boltzmann 

distribution function, 39 
Medium-scale integration (MSI), 16 
Memories, 

radom assess, 407, 4411 

programmable, 413 

read-only, 407, 414 
Metal-nitride-oxide silicon (MNOS) 
transistor, 248 
Metal-oxide-semiconductor (MOS) 
transistor (see FETs) 
Metallization, 14, 199, 417 
Microelectronics, 

definition of, 9 
Miller effect, 242, 329 
Miller indexes, 23 
Monolithic Ics (see semiconductor ICs) 
MOS logic, 390 


Noise immunity, 297, 399 
switch, 297 
Nyquist formula, 172 


Packaging, 203 
Pattern, 
interconnection, 200 


Pattern 
alignment, 190, 194 
generator, 193 
Photomasks, 188, 189-192 
Photomasking, 189, 205 
Photomask alignment, 190 
Photolithography, 188 
electron beam, 193 
projection, 193 
resolution of, 192 
Photoresist, 208 
PN junctions, 77, 78 
abrupt, 77 
asymmetric, 77 
breakdown, 93 
equilibrium, 80 
graded, 77 
isolation, 215 
nonequilibrium, 83 
one-sided, 77 
planar, 114 
rectifying, 106 
symmetric, 77 
Poisson equation, 60, 64 
Polycrystal, 26 
Potential, 
chemical, 41 
electrochemical, 44 
electrostatic, 39, 60 
surface, 59 
thermal, 38 
Potential barrier, 80, 81 
Pulse generator, 344 


Pulse shaper, 312 


Push-pull circuits, 357-360 


Random access memories (RAMs), 407 
Read-only memories (ROMs), 407 
Recovery time, 105 
Relaxation time, 36 
Reliability of ICs, 442 
Resistance, 
base, 91, 141 
channel, 159 
collector, 141, 149 
emitter, 141 
incremental, 94 
input, 318, 337, 346 
lateral, 224 
leakage, 257 
output, 319, 347 
sheet, 223 
thermal, 97 
Resistors, 
ballast, 364 
film, 260 
semiconductor, 
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diffused, 249, 250 

ion-doped, 254 

pinch, 250 
Resistor-capacitor-transistor logic 
(RCL), 379 


Resistor-transistor logic (RTL), 379 


Rise time, 274 

Scale of integration, 16, 415 
Schmitt trigger, 308 
Schottky barrier, 108 


Schottky barrier transistor, 166, 232 


Schottky diode, 109 
Screen printing, 209 
Scribing, 204 
Semiconductors, 23, 34 

band structure of, 30 

compensated, 36 

degenerate, 32, 109 

extrinsic, 32, 35, 50, 62, 63 

inhomogeneous, 48, 73 

intrinsic, 28, 35, 60-62 

n-type, 29 

p-type, 30 

wide-gap,"45 
Semiconductor ICs 

classes of, 12-16 
Semimetals, 32 
Sensitivity threshold, 297 
Silicon, 22 

breakdown in, 95 

conductivity of, 49, 50 


Silicon-on-sapphire IC (SOSIC) pro- 


cess, 219, 243 
Small-scale integration, 16, 443 
cma eae models, 
amplifier, 317, 322 
emitter follower, 415 
transistor, 140, 164, 171 
Solid solubility, 
impurity, 180 
Sputtering, 
cathode, 194-196 
ion-plasma, 194, 197 
Static characteristics, 
bipolar transistor, 133-138 
JFET, 168-170 
MOS, 155 
switch, 267 
Stencil screen, 16, 17, 209 
Storage time, 103, 278 
Surface states, 32, 37 
Switches, 
bipolar transistor, 266-277 
CMOS transister, 288, 291, 296 
current, 284, 
MOS transistor, 288 
dynamic load, 289, 290 
resistive load, 288 


Switching circuits, 271 
Symmetrical triggering, 303 


Testing of ICs, 440 
Thermal oxidation, 176 
types of, 177 
Thermionic emission, 33 
Thermocompression bonding, 202, 203 
Time constants, 149, 166, 177 
Transconductance, 161, 166, 171 
critical, 163 
specific, 157 
Transfer characteristics, 
amplifier, 359 
electronic circuit, 265 
Schmitt trigger, 312 
transistor, 157 
Transients in 
amplifiers, 321, 324, 329, 344 
diodes, 104 
emitter followers, 348-351 
flip-flops, 306 
pn junctions, 97-106 
switches, 274, 287, 292-296 
transistors, 142-149, 163-166 
Transistors, 11, 14, 15, 239, 243-247 
ball-lead, 207 
beam-lead, 208 
bipolar, 116, 118-147 
composite, 313 
field-effect, 116, 150 
fabrication of, 239, 243-247 
npn, 224-223, 227 
multicollector, 231, 387 
multiemitter, 229 
parameters of, 223, 224 
arasitic, 225 
Schottky barrier, 232 
superbeta, 233 
pnp, 234 
composite, 314 
parasitic, 234 
topology of, 235 
unipolar (see field-effect) 
Transistor switch (see switches) 
Transistor-transistor logic (TTL), 383 
Transit time, 144 
Transition time, 103 
Transport factor, 128 
Trigger circuit, 308, 312 
Trigger levels, 309, 312 
Tunnel effect, 59 


Undercoat, 195, 199, 205 
Unipolar transistors (see FETs), 


Very large-scale integration (VLSI), 

16, 414 

V-groove isolation, 224 

Voltage, 
breakdown, 95, 224 
cut-off, 153 
Dember, 68 
flat-band, 59 
forward, 83, 102 
input offset, 328 
residual, 288 
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reverse, 83 
threshold, 152, 153, 157, 247 
Voltage comparator, 437 
Voltage gain, 
amplifier, 317, 334 
emitter follower, 345 
Voltage regulators, 361, 437 
diode, 362 
transistor, 364 


Work function, 33, 108 
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